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iSUMMARY
This thesis is concerned with the chemical nature of 
organic sulphur compounds present in soil and their 
availability to plants. Two principal techniques used 
are (l) soil sulphur compounds are determined using 
various methods of estimation, fractionation and 
extraction, and (2) the availability of sulphur is 
examined by studying the changes in the organic sulphur 
fractions in soil during plant growth and incubation.
Inorganic sulphate in soil extracts, produced by 
shaking soil with chelating resin and water, and 
solutions of pyrophosphate, bicarbonate-carbonate, and 
hydroxide, was determined after high speed centrifugation 
(100,000g) of the extract, and removal of the colouring 
matter by acidification to pH 1 and adsorption on activated 
charcoal. The colourless extract was then treated 
according to Freney's (1958b) procedure for the estimation 
of water-soluble sulphate. Reproducible results were 
obtained and full recovery of added inorganic sulphate 
was achieved by this procedure for all extractants 
examined.
The estimation of carbon bonded sulphur in soil was 
found to be subject to iron and manganese interference
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through these elements acting as oxidizing agents. This 
could be largely overcome by increasing the reducing 
power of the catalyst either by increasing the amount of 
alloy or by increasing its activity by varying the 
temperature of activation. Reduction time, amount of 
alkali and solubility of the soil sulphur markedly 
affected the determination of carbon bonded sulphur in 
soil.
Even when optimum conditions were used for the Raney 
nickel reduction of soil, the sulphur determined by the 
modified procedure together with that reduced to sulphide 
by hydriodic acid did not account for all of the soil 
sulphur.
Reduction of pure sulphur compounds by Raney nickel 
showed this procedure was not specific for sulphur bonded 
to carbon as inorganic sulphur compounds were reduced. 
However, it did not reduce the sulphur in aliphatic 
sulphones or aliphatic sulphonic acids to inorganic 
sulphide.
In a group of 15 soils of nine different soil types 
the average inorganic and organic sulphate fraction was 
47 per cent of the total soil sulphur. Carbon bonded 
sulphur, calculated as the difference between the total
and hydriodic acid-reducible sulphur, on average accounted
iii
for 53 per cent. However only 30 per cent of the soil 
sulphur was reduced by Raney nickel and determined as 
sulphide.
In the nine different soil types studied there 
appeared to be no difference in the distribution of 
sulphur between the various fractions.
Chelating resin suspensions were found to be 
ineffective for organic sulphur extraction even when the 
extraction period was extended to 12 days. The maximum 
amount extracted did not exceed 44 per cent of the total 
soil sulphur. Very little sulphur was extracted using 
resin at pH 7> whereas greater amounts were extracted by 
pyrophosphate solution at this pH.
When the sodium form of the resin, as supplied by 
the manufacturers, was used, the pH of the resin-water 
mixture was approximately 10.2. This high pH appeared to 
be more important than the chelating ability of the resin 
in the extraction of sulphur from soil.
Organic sulphur in soil was stable in mildly alkaline 
solutions at 20°C, and thus reagents such as bicarbonate- 
carbonate or the sodium form of a chelating resin may be 
safely used for the partial extraction of organic sulphur 
from soil in a chemically unmodified form. More complete 
extraction of organic sulphur from soil could be achieved
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by the use of sodium hydroxide solutions at pH 12.6, but 
degradation of humic acid sulphur to fulvic acid sulphur 
and conversion of organic sulphur to inorganic sulphur 
occurred in both hot and cold hydroxide solutions at this 
pH.
A comparison of the N:S ratios and percentages of 
reducible sulphur in soils and soil extracts suggested no 
reagent studied extracted a sample of organic matter fully 
representative of the total organic matter in soil, The 
results confirm that most of the sulphur in the surface 
horizons of the soils studied was organic with little 
inorganic sulphate present.
Sulphur reducible by hydriodic acid occurred in 
compounds of both high and low molecular weight, and data 
obtained from extraction with bicarbonate-carbonate and 
chelating resin showed much of the reducible sulphur 
occurred in the high molecular weight fraction of soil 
organic matter.
Eucalyptus blakelyi, Pinus radiata and Phalaris 
tuberosa did not absorb all of the phosphate-soluble 
sulphate in the soil when grown in pot culture for 12 
weeks. Of the plant species examined only Phalaris 
tuberosa appeared to enhance the mineralization of soil
organic sulphur.
VThe apparent net mineralization of organic sulphur 
in soil, estimated as the change in phosphate-soluble 
sulphate, does not include mineralized sulphate which is 
re-incorporated by micro-organisms. A closer approximation 
of the actual amount of sulphur mineralized is obtained 
by determining the change in both the phosphate-soluble 
sulphate, and ester sulphate fractions.
The amounts of sulphur taken up by' Eucalyptus 
blakelyi and Phalaris tuberosa were closely correlated 
with the changes in phosphate-soluble sulphate in the 
soil. The non-sulphate sulphur fraction contained 
sulphur reducible by Raney nickel, and was mineralized 
in preference to the ester sulphate fraction.
The rate of incorporation of inorganic sulphate 
into a chocolate soil with incubation at 30°C was such 
that 8 of the 10 ppm of the added inorganic sulphate was 
immobilized into the organic fraction in 56 days. This 
sulphur was incorporated into the ester sulphate and 
carbon bonded sulphur fractions. The carbon bonded 
sulphur fraction was depleted once mineralization 
commenced, and the ester sulphate fraction remained 
constant, indicating sulphur was mineralized from the 
carbon bonded sulphur compounds rather than the ester 
sulphate fraction. The rate of re-mineralization appeared
vi
to be independent of the rate of incorporation. Hence 
the rate of mineralization of carbon bonded sulphur 
could be the limiting factor in the growth of plants on
soils where insufficient sulphate is available.
vii
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1 . INTRODUCTION
The majority of the sulphur in surface horizons of 
most -well-drained soils is present in organic form; 
mineralization of this organic sulphur often determines
the amount of sulphate available to plants, and this may 
be supplemented by sulphur-containing fertilizers and 
sulphur dissolved in rainwater.
Sulphur deficiency in plants has been reported with 
increasing frequency from many important agricultural 
areas throughout the world, and the deficiency very often 
occurs in soils containing appreciable amounts of organic 
sulphur. This suggests organic sulphur is present in 
forms not easily assimilated by plants, and must therefore 
be mineralized to sulphate, or other small molecules 
before it can be utilized by plants. The chemical nature 
of the organic sulphur may thus be of considerable 
importance in determining the sulphur supplying capacity 
of many soils. However, comparatively little precise 
information is available either on the chemical nature of 
the organic sulphur compounds in soil or on their 
availability to plants. This thesis describes research 
designed to expand this information, by
(l) Evaluation of the methods used in chemical fractionation
1
2of soil sulphur with particular reference to the 
estimation of inorganic sulphate and sulphur bonded to 
carbon,
(2) Determination of the chemical nature and distribution 
of the various sulphur fractions present in soil,
(3) Extraction of soil sulphur with a minimum of 
chemical alteration in order to facilitate the study of 
its chemical nature,
(4) Fractionation and identification of the sulphur 
fractions present in soil extracts with particular 
reference to the hydriodic acid-reducible fraction,
(5 ) Examination of the net utilization or change within 
the various sulphur fractions in soil in the presence 
and absence of growing plants, and
(6) Examination of the changes occurring in the organic 
sulphur fractions after the addition of inorganic
sulphate to soil.
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42. LITERATURE REVIEW
Sulphur has long been recognised as an essential 
plant nutrient, and is known to occur in surface horizons 
of soil in amounts ranging from l4 ppm. to 35»000 ppm. 
(Whitehead, 1964; Williams and Lipsett, 1969). In 
Australia coarse sands and yellow podzolic soils have 
been reported to contain as little as l4 to 25 ppm. of 
sulphur and calcareous soils as much as 1,985 ppm. 
(Williams and Steinbergs, 1962; Williams and Lipsett, 
1969)* In sub-soils amounts of up to 100,000 ppm. have 
been recorded in desert loams (stace, et al., 1968).
Soils may receive varying amounts of sulphur 
dissolved in rainwater. In addition they may absorb 
small amounts directly from the atmosphere, and further 
amounts may eventually enter the soil after absorption 
of sulphur dioxide from the atmosphere by growing plants 
(Williams, 1966). The total accession of sulphur from 
the atmosphere varies widely, and may amount to 90 Kg. 
per ha. per annum near industrial areas, and less than 
0.1 Kg. per ha. in inland areas remote from industry. 
Values ranging from less than 0.1 to 8 Kg. of sulphur per 
ha. per annum have been recorded as sulphur accession 
from the atmosphere in Australia (Whitehead, 1964).
52.1 Forms of Soil Sulphur
Relationships found between carbon, nitrogen and non­
sulphate sulphur (150:10:1.26) in soils differing in 
parent material, climate, topography and degree of 
cultivation suggest most sulphur in the surface horizons 
of well-drained soils is organic (Eaton, 1922; Donald 
and Williams, 1954; Williams and Donald, 1957 j Walker,
1957; Walker and Adams, 1958; Williams and Steinbergs,
1958, 1959; Williams, Williams and Scott, i960; Freney,
1961; Freney, Barrow and Spencer, 1962; and Whitehead,
1964).
Only small amounts of inorganic sulphur (up to 
7 per cent of total S) have been determined in the 
surface horizons of well-drained soils (Freney, 1961; 
Williams and Steinbergs, 1962), further suggesting that 
a major proportion of the sulphur in surface soil is in 
an organic association. The average distribution of soil 
sulphur between various sulphur fractions in 24 Australian 
soils (Freney, 1961) has also indicated soil sulphur is 
mainly in the organic form (93 per cent).
2.1.1 Inorganic forms
Most of the inorganic sulphur in soils normally occurs 
as sulphate, but, considerable amounts of sulphides and
6even elemental sulphur can be formed under anaerobic 
conditions particularly in tidal swamps and poorly drained 
sub-soils (Williams, 1966). However, in most soils under 
normal aerobic conditions the amount of reduced sulphur 
is generally less than one per cent of the total sulphur 
(Freney, 19^1 ) .
The more important forms of inorganic sulphur in 
soil are water-soluble, adsorbed, and insoluble sulphates. 
Of these, the soluble and adsorbed sulphates are the most 
important for plant growth.
Soluble sulphates occur in soil mainly as sodium, 
magnesium and calcium salts. Except under extremely arid 
or poorly drained conditions, appreciable amounts of 
soluble sulphate are likely to occur only in sub-soil 
horizons (Williams, 1966).
The adsorption capacity of some soils is sufficient 
to retain sulphate against leaching and so influence its 
distribution in the profile. The extent of leaching and 
distribution of sulphate within the profile depends on a 
number of soil properties, the more important being clay 
content, pH, and the presence of hydrated oxides of 
aluminium and iron. Williams and Steinbergs (1962) 
reported adsorption of sulphate is negligible above pH 
6.5, and increases as pH decreases below pH 6.5. Lime
7applications, through its effect on pH, decreases sulphate 
adsorption (Ensminger, 1954; Volk and Bell, 19^7) and 
increases leaching. Sulphate retention has been shown to 
be directly correlated -with phosphate sorption (Barrow, 
1967b) and adsorbed sulphate may be displaced by phosphate 
solution (Chao, et al. 1962 , Ensminger, 1954; Kamprath, ejb
al. 1956). Applications of superphosphate decrease the
capacity of soils to retain sulphate (Ensminger, 1954) 
presumably by saturating absorption sites with phosphate.
Retention of sulphate is affected by the amounts 
of aluminium and iron oxides present in soil (Berg and 
Thomas, 1959; Chao, Harward and Fang, 1962a, b, 1964; 
Ensminger, 1954). Aluminium oxides appear to be more 
important than iron (Ensminger, 1954; Chao et al., 1962b, 
1964), -while kaolinitic clays have a greater capacity to 
adsorb sulphate than the 1,2 type (montmorillonite) clay 
minerals (Berg and Thomas, 1959; Ensminger, 1954; Kamprath, 
et al., 1956).
The amounts of both soluble and adsorbed sulphate 
in surface horizons of most well-drained soils are 
generally small, but they may form a substantial proportion 
of the total sulphur in sub-surface horizons (Ensminger, 
1958; Jordan and Bardsley, 1958; Kamprath, et al., 1956;
Neller, 1959; Sanford and Lancaster, 1962; Williams and
8Steinbergs, 1962). Adsorbed and soluble sulphates, as 
determined by the extraction of soil with phosphate 
solution, have been shown to give good correlations with 
plant growth (Spencer and Freney, i960), and uptake of 
sulphur (Fox, Olson and Rhoades, 1964; Barrow, 1967a; 
Rehm and Caldwell, 1968).
Insoluble sulphates may occur in some soils as 
barium and strontium salts, for example barytes (BaSO^) 
has been identified by Beattie and Haldane (1958) 
occurring in small concretions. In calcareous soils, 
insoluble sulphate may also occur as a co-crystallized 
impurity in calcium carbonate (Williams, Williams and 
Scott, i960; Williams and Steinbergs, 1962). Sulphate 
associated with calcium carbonate can account for a high 
proportion (95 per cent) of the soil sulphur and has 
little or no availability to plants (Williams and 
Steinbergs, 1964).
2 .1.2 Organic forms
Although a large proportion of the sulphur in 
surface horizons of soil is organic, few attempts have 
been made to determine the organic sulphur content 
directly on the soil (Vinokurov, 1937« Evans and Rost,
1945).
9Possible forms of organic sulphur compounds in soil 
include proteins, polypeptides, amino acids, sulphated 
amino sugars and polysaccharides since these forms exist 
in plant, animal and microbial residues. Lowe (1964) 
reported organic sulphur in mineral soils is mainly 
present as organic sulphates, and in organic soils is 
distributed between organic sulphates and carbon bonded 
sulphur compounds.
2 .1 .2a Organic sulphates
A major organic sulphur fraction appears to be 
sulphate esters (52 per cent Freney, I961). These can 
be reduced to hydrogen sulphide with hydriodic acid, 
and are readily hydrolysed to inorganic sulphate by acid 
or alkali (Williams and Steinbergs, 1959; Spencer and 
Freney, i960; Barrow, I96I: Freney, 19^1 ; Lowe and Delong, 
I96I; Lowe, 1964).
Little is known about the true identity of these 
compounds, but probably they include:
(a ) Sulphated polysaccharides synthesized by bacteria. 
A species of Coryne-bacterium occurring in soil is known 
to synthesise a sulphated heteropolysaccharide-protein 
complex (Taylor and Noveili, 1961).
Lowe (1965) isolated sulphated polysaccharides from 
hot water extracts of the soil from the surface horizon,
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but the amount of sulphur never accounted for more than 
two per cent of the total soil sulphur.
(b) Choline sulphate. This has been isolated from 
the fungi Aspergillus sydowi (Woolley and Peterson, 1937), 
Penicillium chrysogenum (Stevens and Vohra, 1955), 
lichens of the Roccella species (Lindberg, 1955a), and 
from red alga G el id a car t il aginutn (Lindberg, 1955b)« 
Spencer and Harada (1959) examined over 30 fungi and in 
all cases choline sulphate was isolated from the mycelium.
(c) Sulpholipids which have been isolated from soil 
(Haines 1964).
(d) Sulphated phenols as postulated by Whitehead 
(1964) since these compounds occur in the urine of 
animals.
All sulphated esters isolated from soil have also 
been isolated from soil micro-organisms.
2.1.2b Carbon bonded sulphur compounds
Shorey (1913) isolated trithiobenzaldehyde from soil 
and postulated it was formed by the reaction of hydrogen 
sulphide from bacteria with benzaldehyde from decomposed 
lignin. No substantiating evidence of this hypothesis 
or confirmation of the presence of this compound in soil 
has been published.
11
The sulphur-containing; amino acids cystine and 
methionine occur in soil in small amounts, but are seldom 
detected in the free form (Sowden and Ivarson, 1 9 6 6 ).
They are known to occur in soils in combined forms 
associated with mineral and humus fractions, and can be 
released by acid hydrolysis (e.g. 6n H C 1 , Bremner, 1950a; 
Sowden, 1955» 1956, 1958; Stevenson, 1956, 1957» Biswas 
and Das, 1957» Young and Mortensen, 1958; Wang, Yang and 
Cheng, 1 9 6 4 ). Traces of cystine (l6 Ug/Kg) and methionine 
(30-250 ug/Kg) have been isolated from ethanol extracts 
of both the rhizosphere and non-rhizosphere zones of soil 
(Putman and Schmidt, 1959» Ivarson and Sowden, 1 9 6 9 ).
Paul and Schmidt (1 9 6 1 ) found methionine, cystine and 
methionine sulphoxide in soils incubated at 2 0 per cent 
moisture with one per cent glucose and 0 . 3  per cent 
potassium nitrate for three days. Sulochana (1 9 6 2 ) and 
Ivashkevick, Kuprevick and Scherbokova (1 9 6 3 ) detected 
cystine and methionine in dried soil, and only traces of 
cystine and no methionine in moist soil..
Scharpenseel and Krausse (1 9 6 3 ) reported the sulphur- 
containing amino acids potentially extractable from soil 
are mainly cysteic acid, cysteine-sulphinic acid, taurine, 
methionine sulphone, cystine and methionine.
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Possibly, except for cystine and methionine, the other 
sulphur-containing amino acids identified in acid 
hydrolysates rnay be formed from cystine and methionine, 
since these compounds are known to decompose when subjected 
to acid hydrolysis in the presence of carbohydrate (Bailey,
1937).
The total carbon bonded sulphur content of soils, as 
determined by reduction with Raney Nickel will include 
cystine, cysteine and methionine, but not alkyl sulphones 
or sulphate esters which will not liberate sulphide when 
treated with Raney Nickel (Delong and Lowe, 1962). Lowe 
and Delong (1963) reported up to 38 per cent of the 
total sulphur in some Quebec soils was directly bound to 
carbon, however, as will be shown later, in this thesis 
their method may underestimate the actual level of 
sulphur bonded to carbon.
Since ester sulphates (Freney, 1961) and 
compounds in which sulphur is bonded to carbon (Lowe and 
Delong, 1983) both make up appreciable proportions (more 
than 30 per cent in different groups of soils) of the 
total soil sulphur, these two groups of compounds could 
account for most sulphur in the majority of surface soils.
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2.2 Mineralization of organic sulphur compounds
Mineralization is the conversion of an element in 
organic combination to an inorganic form. It has been 
suggested this conversion may be catalysed by enzymes 
excreted by plant roots (Parker, 1927) but it is now 
believed to be accomplished mainly by soil micro-organisms 
(Waksman, 1932). Part of the sulphur released from 
organic matter will be retained by micro-organisms for 
cell synthesis during proliferation, and only the sulphur 
in excess of these requirements will be released in 
mineral form and so be available for plant growth (Freney, 
1967a). Thus mineralization and immobilization occur 
simultaneously and the amount of sulphate available to 
plants is determined by the net difference in the rates 
of these two processes.
Plant roots probably absorb sulphur largely as the 
sulphate ion, although amino acids cystine and methionine 
can be assimilated and utilized as a source of plant 
sulphur (Bardsley, i960). In many soils the level of 
available sulphate is insufficient for plant growth, so 
that in the absence of sulphur-containing fertilizers or 
accession of atmospheric sulphur the sulphur requirement 
of plants must be derived-from the mineralization of 
organic sulphur compounds.
The mineralization of sulphur from decomposing organic 
material depends upon its sulphur content and chemical 
composition in much the same way as the mineralization 
of nitrogen (Barrow, i960 a,b,c; I96I: Stewart and.
Whitfield, 1965 ; Stewart et a l , 1966a,b; Williams, I967, 
Siman, 1968). The rate of mineralization and immobilization 
of sulphur is influenced by soil type, soil moisture, 
temperature and energy source (Williams, 1967)«
Mineralization appears to be increased by the 
presence of plants (Freney and Spencer, i960). This may 
be due to decomposition of soil organic matter by enzymes 
excreted from plant roots (Parker, 1927; Rogers, Pearson 
and Pierre, 194o) , or by increased microbial activity in 
the region of the rhizosphere (Freney and Spencer, 1960).
Applications of lime may increase the production of 
inorganic sulphate (Eilet and Hill, 1929? Wiklander,
Hallgren and Jonsson, 1950; Moraghan, 1957; White, 1959; 
Giovannini, 1964; Nelson, 1964; Williams, 1967). This 
may be due to several factors
(a) Sulphate released from anion exchange sites with the 
increasing pH (Williams and Steinbergs, 1962),
(b) Sulphate released from organic matter by chemical 
hydrolysis at a higher pH (Barrow, 1960b),
(c) Sulphate released from organic matter by increased 
bacterial growth due to a more favourable pH environment
(Freney, 1967h).
15
With cultivation and cropping- the soil sulphur and 
nitrogen content decreases, but there is little change 
in the nitrogen to sulphur ratio (Williams and Lipsett, 
i960; Jensen, 1963; Stewart, 1966), indicating nitrogen and 
sulphur mineralization occurs in proportion to the 
concentration of these elements in the soil organic 
matter (Williams, 1966). Williams (1967) reported the 
ratios for nitrogen and sulphur mineralized generally 
exceeded the corresponding ratios in the original soils 
during the rapid flush of mineralization following the 
wetting of dried soil which resulted in the release of 
more sulphur than nitrogen.
Seasonal fluctuations in sulphate and nitrate were 
examined by Williams (1968) and both anions accumulated 
in surface soil during summer and autumn, probably from 
mineralization of soil organic matter under favourable 
moisture and temperature conditions and the lack of plant 
uptake. Leaching, plant uptake and low soil temperatures 
gave low values in winter and spring.
In addition to microbial mineralization, sulphur 
can be released from organic sulphur compounds in soil 
(probably by physico-chemical processes) by air drying 
(Freney, 1958b; Barrow, I96I; Williams and Steinbergs,
1964; Williams, 1967), heating (Williams and Steinbergs, 
1959; Spencer and Freney, i960; Barrow, 196I; Williams,
16
1967)> or grinding (Freney, 1961). Barrow (1961) has 
shown the sulphur released from soils by drying or heating, 
increases the uptake of sulphur by plants.
2.2.1 Chemical transformations of known organic sulphur 
compounds
The transformations of inorganic sulphur in soil 
are well documented (Starkey, 1966 ; Bloomfield, 1969)5 but 
details of the processes involved in the transformations 
of organic sulphur compounds in soil to sulphate under 
conditions of good drainage, or to sulphide under conditions 
of waterlogging are unknown. However some information 
is available on the decomposition of pure organic sulphur 
compounds in soil and also with pure cultures of micro­
organisms (Young and Maw, 1958; Freney, 1987a).
Micro-organisms form various inorganic sulphur 
compounds from sulphur-containing amino acids; these 
products include sulphate, sulphide, thiosulphate and 
polythionates (Fruton and Simmonds, I961). Aerobic
decomposition of cysteine in soil produced sulphate as a 
major product (Frederick, Starkey and Segal, 1957? Freney, 
1958a), and whilst from available evidence the metabolism 
appears to pass through the following intermediates; 
cystine, cystine 'disulphoxide1, cysteine sulphinic acid, 
cysteic acid (Freney, 1958a, i960), the order of formation 
in soil has not been established definitely.
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Catabolism of methionine in soil in a perfusion unit 
did not produce sulphate but methyl sulphide and dimethyl 
disulphide -were formed in large quantities. The methyl 
sulphide may be oxidized in soil to either dimethyl 
disulphide -with no sulphate formation (Frederick, et al. , 
1957)» or to sulphate, Hesse (1957)5 reported the complete 
conversion of methionine sulphur to sulphate in a forest 
soil.
Under anaerobic conditions elemental sulphur, 
hydrogen sulphide, and mercaptans may accumulate 
(Starkey, 1950; Alexander, 1961).
A disadvantage of these studies on the decomposition 
of pure organic sulphur compounds by micro-organisms 
isolated from soil is the observed transformations may 
not necessarily correspond to those actually occurring 
in soil.
2 .-3 Extraction of Soil Sulphur
Whilst detailed study of the chemical nature of soil 
sulphur requires its extraction from soil, little work 
has been done on this.
Most soil sulphur must be an integral part of the 
soil organic matter, because of its relatively constant 
carbon; nitrogen; sulphur ratio (150:10:1.26). The
18
extraction of soil sulphur is thus likely to be closely 
related to the extraction of soil organic matter.
The ideal extractant of soil organic matter would 
be universally applicable to all soils, and quantitatively 
extract the compounds without change. However, extraction 
of organic matter is complicated by its intimate 
association with other soil constituents (see review of 
Greenland, 1965a and b) and its insolubility. The 
variation in extractability is not only due to the 
solubility of the organic substances, but also to the 
nature of their interactions with inorganic colloids, 
so that extracts always contain some inorganic substances 
(metallic cations, clay and silica) which are dissolved 
during the extraction.
Water extracts only a very small proportion of 
the soil organic matter, whereas reagents that displace 
polyvalent cations (i.e. acids, alkali and complexing 
agents) extract much more. Alkali hydroxides have a 
large extracting power, but unfortunately organic matter 
is concurrently oxidized and probably altered in other 
ways, so that the preparation obtained is to some extent 
an artifact of the method (Broadbent, 1953)« However 
oxidation may be kept to a miniumum by extracting in 
an inert atmosphere (N^). Therefore, portion of the 
sulphate present in alkali extracts may
19
be formed from organic sulphur compounds by oxidation and 
hydrolysis (Freney, 1961).
Milder extraction procedures have been used at 
neutral or slightly alkaline reaction (Bremner and Lees, 
19^9; Choudhri and Stevenson, 1957? Evans, 1959?' Coffin 
and Delong, i960; Bremner and Ho, I96I; Tinsley and Salam, 
19bl; Dubach, Mehta and Deuel, 1963? Cheng and Van Hove, 
19^4; Lowe, 1964; Yuan, 1964; Halstead, Anderson and Scott 
1966; Levesque and Schnitzer, 1966; Posner, 1966; Melville 
1967)» These extractants included the alkali salts of 
complexing agents such as pyrophosphoric acid, 
ethylenediamine tetra acetic acid, cation exchange resins, 
and solutions of complexing agents in aqueous and organic 
media. However, these mild extractants are usually less 
effective at extracting organic matter quantitatively 
than alkali hydroxides (Levesque and Schnitzer, 1966) on 
all soils except the B horizon of podzols (Dubach ? et al. , 
1963; Yuan, 1964).
A number of very mild extractants have been examined 
as possible means of assessing the sulphur status of soils 
These have included water, and solutions of ammonium 
acetate, calcium chloride, calcium dihydrogen phosphate 
potassium dihydrogen phosphate, sodium acetate, sodium 
Chloride and sodium bicarbonate at pH 8.5» The amounts of
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sulphur extracted by these solutions have been correlated 
■with plant growth and the sulphur content of plant material 
(Ensminger and Freney, 1966)* Solutions containing
phosphate extract most of the sulphate-sulphur in soils 
and seem to be the most effective for determining plant 
available sulphur (Ensminger and Freney, 1966).
2 .3*1 Extraction of soil organic sulphur has been 
achieved by several extractants with varying degrees of 
success. The most suitable method for extracting a high 
proportion of soil sulphur with least chemical alteration 
appears to be that of Halstead et a I. (1966) who used
aqueous acetyl acetone and ultrasonic dispersion. Studies 
on the possible alterations to the sulphur compounds 
extracted by aqueous acetyl acetone have not been reported, 
but at pH 8.5 the amount of hydrolysis will probably be at 
a minimum. Using this method Halstead et al. (1966)
extracted 85 to 100 per cent of the soil sulphur from 
some Scottish and Canadian soils.
Hot sodium hydroxide solution has extracted between 
50 to 85 per cent of the total soil sulphur (Williams and 
Steinbergs, 1939; Melville, 1967)» but causes oxidation 
(Bremiier, 1930b) and hydrolyses the hydriodic acid- 
reducible sulphur from humic acid (Melville, 1967)*
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Lowe and Delong (1961) used hot sodium bicarbonate 
(0.5M) solution at pH 1 0 . 0  and extracted 3 3 to 7^ per cent 
ol the total soil sulphur, but this treatment probably 
causes similar changes to the organic sulphur as that of 
hot sodium hydroxide.
Koter, Chodan and Chodan (1963), Davidesco and 
Palovski (1965) and Melville (1967) have extracted between 
50 to 7 8 per cent of the total soil sulphur with cold 
sodium hydroxide solution. Ammonium hydroxide solution 
has extracted up to 4 l per cent of the soil sulphur from 
a podzolic soil (Lowe and Delong, 1961).
Chelating resin, soil water suspension has extracted 
up to 4 4 per cent of the total soil sulphur when shaken 
at 2 0 °C for 12 days (Melville, 1967). Analysis of the 
extracts indicated very little chemical alteration 
occurred during extraction.
Extractants at pH 7 «0 > including sodium oxalate 
(O.IM) and sodium pyrophosphate (O.IM) have been used to 
extract hydriodic acid-reducible sulphur (Freney, 1961).
Autoclaving soil with 6n hydrochloric acid has 
released 8 0 to 9 8 . 3  per cent of the total soil sulphur 
(Melville, 1967), but as 6 n HC1 is known to hydrolyse 
proteins, carbohydrates and especially sulphated 
polysaccharides (Freney, 1 9 6 l; Bremner, 1983b; Allalouf,
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Ber and Sharon, 1964) the sulphur compounds isolated from 
these extracts would be very different from those 
originally present in soil.
These reports suggest a mild extractant may prove 
suitable for the extraction of organic sulphur from soils 
in an unmodified form. This would then permit detailed 
chemical studies on the nature of the organic sulphur 
compounds in soil.
2.4- Fractionation of soil organic sulphur
Total organic sulphur is generally estimated as 
the difference between the total soil sulphur and the 
inorganic sulphur fraction (Williams and Steinbergs,
1959, 1962; Freney, 1961).
A few workers have attempted to measure directly 
the organic sulphur fraction (Vinokurov, 1937; Evans and 
Rost, 1945). Vinokurov (1937) leached soil first with 
sodium chloride and then with alcohol, and the leached 
soil was oxidized with hydrogen peroxide and the sulphur 
determined as barium sulphate. He concluded the organic 
sulphur fraction was insignificant. Evans and Rost (1945) 
leached soil with water followed by hydrochloric acid, 
presumably to remove inorganic sulphate. The leached soil 
was then oxidized with hydrogen peroxide and the sulphate
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determined. In contrast to Vinokurov (1937)* they 
concluded over 60 per cent of the total sulphur was organic 
in prairie soils.
Most information concerning the nature of organic 
sulphur in soil has been obtained using reduction 
techniques. Lowe and Delong (1963), Lowe (1964, 1963) 
and Melville (1967) determined soil sulphur reducible to 
hydrogen sulphide with Raney nickel. Results have shown 
this fraction includes between 12 to 58 per cent of the 
total soil sulphur. Extraction of seven Canadian soils 
with N hydrochloric acid followed by O.23N sodium 
hydroxide solution at 90°C extracted nearly all of the 
Raney nickel-reducible sulphur from organic soils, but 
only 46 per cent of that determined in a mineral soil. 
Alkaline extraction of organic soils released 70 to 
80 per cent of the total soil sulphur reducible by Raney 
nickel, and 27 to 38 per cent from mineral soils (Lowe 
and Delong, 1963).
Sodium hydroxide extraction (0 .5N) at 20°C of three 
Australian mineral soils released 37 to 126 per cent of 
the Raney nickel-reducible sulphur determined directly 
on these soils (Melville, 1967); extraction at 120°C 
released 77-217 per cent. The extremely high recovery 
of Raney nickel-reducible sulphur (217 per cent) suggests
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either degradation to sulphur compounds which allowed 
the sulphur to be reduced by Raney nickel to sulphide, or 
interference in the direct determination of mineral soils 
using the procedure of Lowe and Delong (1963).
Raney nickel reduction releases most forms of carbon 
bonded sulphur, but does not reduce the sulphur to sulphide 
in the case of aliphatic saturated sulphonic acids, and 
aliphatic sulphones (Feigl, 1961). Chopra (1963) has 
reported elemental sulphur is also reduced with Raney 
nickel and can be determined as hydrogen sulphide on 
acidification. The sulphur compounds included in the 
Raney nickel-reducible fraction may be:- Organic 
disulphides, thiols, sulphoxides, aromatic sulphones, 
and aryl sulphonic acids, inorganic sulphides, and 
elemental sulphur.
Several workers have used hydriodic acid reduction 
on soil or soil extracts. The hydriodic acid-reducible 
sulphur method (Johnson and Nishita, 1952) reduces 
organic sulphates, inorganic sulphate and all inorganic 
sulphur compounds, except thiocyanates, to hydrogen 
sulphide (Freney, 1958b), whereas other types of sulphur 
bonds are not reduced to hydrogen sulphide (Johnson and 
Nishita, 1952; Freney, 1958b). This fraction accounts 
for between 2b to 71 per cent of the total soil sulphur
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(Freney, 19^1; Lowe, 1965)• Hydriodic acid-reducible 
sulphur has been extracted from soil by sodium oxalate, 
sodium pyrophosphate, Chelex 100, sodium hydroxide and 
hydrochloric acid, and has accounted for between 21 to 
over 100 per cent of the soil hydriodic acid sulphur 
(Freney, I96I; Melville, 1967).
Lowe (1966) reported organic and inorganic sulphate 
in soil extracts could be separated by gel filtration on 
Sephadex G 25 dextran gel, allowing a fractionation of 
the hydriodic acid-reducible sulphur into organic and 
inorganic sulphate.
The imreduced sulphur fraction (’Inert S ’ Lowe,
19^5 )» defined as the difference between the total sulphur 
and the sum of the hydriodic acid and Raney nickel- 
reducible sulphur, may include such sulphur compounds as 
sulphones, and sulphonic acids, plus any other forms 
protected from the reducing media.
Extracted organic sulphur may be arbitrarily 
separated into fulvic and humic acid fractions by 
acidification. Humic acid (part soluble in alkali and 
precipitated by acids) consists of amino acids and 
phenolic compounds polymerised to molecular weights 
ranging from 20,000 - 50»000 and a smaller group with 
molecular weights over 100,000. Fulvic acid (the part
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soluble in alkali and not precipitated by acids) is a 
more heterogenous group of compounds with a principal 
component of phenolic material probably similar to humic 
acid, but of lower molecular weight and of a higher 
oxidation state (Posner, Theng and Wake, 1968), and a 
group of polysaccharides with a mean molecular weight of 
120,000 and 400,000 (see review of Greenland, 1965b).
The arbitrary separation of sodium hydroxide 
extracts into ’fulvic’ and ’humic* acid has shown 
that between 5 to 38 per cent of the total soil sulphur 
may be fractionated into the fulvic acid and between 
22 and 5^ per cent in the humic acid fraction (Koter, 
Chodan and Chodan, 1963; Davidesco and Palovski, 1965?
Melville, 1967). The fulvic acid fraction in chelating 
resin extracts ranged from 6 to 15 per cent of the 
total soil sulphur and the acid insoluble fraction 
(humic) accounted for between 22 to 29 per cent 
(Melville, 1967). The larger amounts of fulvic acid 
sulphur in sodium hydroxide extracts compared with that 
present in the resin extracts could result from 
hydrolysis of high molecular weight compounds (Freney,
1961).
Fulvic acid obtained from sodium hydroxide extracts 
contained between 17 to 29 per cent of the total soil
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sulphur as reducible by hydriodic acid, and l4 to 40 per 
cent in the humic acid Traction (Freney, I96I; Melville, 
1967)* The amount of sulphur reduced by Raney nickel 
in fulvic acid has accounted for 10 to 13 per cent of 
the total soil sulphur, and 5 to 12 per cent in the 
humic acid fraction (Melville, 19^7)* In de-ashed humic 
acid extracted from soil by sodium hydroxide solution 
6l per cent of the total humic acid sulphur was 
reducible by Raney nickel, and after acid hydrolysis of 
this humic acid 39 per cent was present as amino acid 
sulphur (Lowe, 1969).
All of the fractionation processes with the possible 
exception of the total hydriodic acid-reducible sulphur, 
require the extraction of the sulphur compounds in 
exactly the same chemical state as that present in the 
soil. As no extractant is yet known to cause no 
alteration while extracting all of the soil sulphur, it 
is possible that either some fractions are under - 
estimated, especially where total extraction is critical; 
or are overestimated through degradation of other soil 
sulphur fractions to the particular fraction under
examination.
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2.5 Reducing agents and their probable effectiveness for
studying organic sulphur compounds occurring in soil
Processes of degradation including hydrolysis, 
oxidation and reduction are widely used in the determin­
ation of organic structures. Acid and alkaline hydroly^ses 
frequently produce low yields of products and oxidative 
procedures are generally too drastic yielding large amounts 
of carbon dioxide and carboxylic acids such as acetic and 
oxalic acid (Felbeck, 1965). Reductive methods produce 
high yields of reduced substances, and often cleavage 
products of some ether bonds. Reduction, therefore, appears 
to offer considerably more promise than oxidation and 
hydrolysis for the elucidation of the chemistry of organic 
compounds in soil and could be particularly useful in the 
case of sulphur compounds. However, steric difficulties 
often inhibit the reduction processes leading, at times, 
to low yields.
Reducing agents not only cause saturation of the 
carbon, oxygen, sulphur and nitrogen but also often bring 
about cleavage of some bonds which may result in 
desulphurization where the sulphur atom is detached from 
the organic moiety.
In the absence of steric difficulties catalytic 
reduction will saturate olefinic and acetylenic bonds 
quantitatively, and this is the usual means of estimating
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such groups. Although the presence of sulphur in a molecule 
is known to impede catalytic hydrogenation, sulphur- 
containing substances have been hydrogenated by the use of 
sufficient catalyst (McQuillin, 1963; Rylander, 1967).
Metal hydrides of graded reactivity (Gaylord, 195^)j 
and dissolving metal systems (Zn,HCl; Sn,HCl; Fe,HCl etc.) 
of varied reduction potential are used for the hydrogenation 
of carbonyl, carboxylic acids, disulphides, ester groups 
and also for desulphurization.
In suitable cases, reducing reagents can also provide 
a means of selective degradation at centres subject to 
hydrogenation. However with all reducing systems the 
ease of reaction with complex molecules is influenced by 
the steric accessibility of the group and the steric 
requirements of the reducing agent (McQuillin, 1963).
As the reactivity of any functional group can be 
modified by the organic structure to which it is attached, 
hydrogenation of the soil complex may only indicate the 
presence of certain types of bonds present in soil and not 
the quantity. Mendez and Stevenson (1966) showed that 
reduction of humic acid with sodium amalgam was unsuccessful 
because of extensive chemical degradation and concluded
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that unless the chemical degradation could be decreased 
this method would have limited value as a means of 
characterizing humic acids.
Organic sulphur compounds occurring in soil include 
compounds found in micro-fauna and flora, plant material 
in all stages of decay, and the end products of these 
processes of decay and microbial activity. The types of 
sulphur compounds therefore probably include a wide range 
of sulphur groupings, and thus warrant discussion.
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2.5*1 Sulphur groupings
(a ) Sulphonic acids and sulphonic acid esters including
sulphonamide s
Depending on the other constituent groups, sulphonic 
acids, are highly stable, non oxidizing and water soluble.
They are characterized by the sulphonic group RSO^H which 
is resistant to acid and alkaline hydrolysis because of 
the direct carbon to sulphur bonding, unlike sulphuric 
acid esters which are readily hydrolysed.
Alkyl sulphonic acids are resistant to reduction unless 
first converted to the sulphonyl chloride by either phosphorus 
pentachloride or phosphorus oxychloride. Reduction of the 
sulphonyl chloride with lithium aluminium hydride gives 
the thiol without the intermediate formation of the 
disulphide.
Aromatic sulphonic acids, especially the substituted 
derivatives are less stable in this regard and are often 
hydrolysed with hot, concentrated alkalis. Aryl sulphonic 
esters are hydrolysed with lithium aluminium hydride to the 
sulphonic acid and alkane (Tipson, 1953)* Zinc and hydro­
chloric acid, sodium amalgam and ammonium sulphide reduce 
aryl sulphonates to thiophenols; hydriodic acid does not 
(Fieser and Fieser, 1950)* In contrast Raney nickel
32
converts aryl sulphonic esters into aryl hydrocarbons by 
de sulphurization.
Sulphonated sugars are desulphurized by lithium 
aluminium hydride to the deoxy sugar. For example, hexoside 
6-sulphonates are reduced to 6-deoxy hexosides (Gaylord, 
1956). Sulphated sugars are also reduced but not to the 
deoxy sugar; this enables the distinction to be made 
between sugar sulphonates and sugar sulphates.
Sulphonainides are generally stable to reduction with 
lithium aluminium hydride, but some tosylindoles and N- 
tosylcarbazoles are reduced with the removal of the N-tosyl 
group (McQuillin, 1963).
(b) Sulphinic acids
Aryl sulphinic acids are reduced to thiols by a number 
of reductants. These include the complex metal hydrides, 
zinc and hydrochloric acid, hydriodic acid and Devarda's 
alloy (Gaylord, 195 ;^ Feigl, 1961). Raney nickel reduces 
aryl sulphinic acids to inorganic sulphide and aryl 
hydrocarbons.
Alkyl sulphinic acids are more stable to reduction, 
and both aryl and alkyl sulphinic acids are oxidized with 
potassium permanganate to the corresponding sulphonic acid.
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(c) Sulphone s
Ease of reduction of sulphones is a function of the 
sulphone structure and reaction conditions. For example 
both alkyl and aryl sulphones are not reduced with lithium 
aluminium hydride at 35°C, but increasing- the temperature 
to 92°C results in some reduction. Some alkyl sulphones 
are not reduced because of steric effects and in fact, 
they are generally stable to most oxidizing, reducing 
and hydrolytic reagents (Fieser and Fieser, 1950; Gaylord,
1956).
(d) Sulphoxide s
Sulphoxides may be reduced to thioethers with lithium 
aluminium hydride, sodium borohydride or hydriodic acid. 
Reduction with Raney nickel causes desulphurization, and 
sulphoxides are oxidized to sulphones by potassium 
permanganate in glacial acetic acid (Fieser and Fieser,
1950).
(e ) Disulphides
The reduction of disulphides cause cleavage of the 
sulphur-sulphur linkage producing the thiol. This reaction 
can be achieved by phosphonium iodide, hydriodic acid, 
metallic sodium in liquid ammonia, zinc and hydrochloric 
acid, and the complex metal hydrides (Fieser and Fieser,, 
1950; Gaylord, 1956). In the case of lithium aluminium
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hydride, the complex formed by the reduction of a number 
of disulphides yields thiols on hydrolysis (Gaylord, 1956).
Reduction is influenced by steric factors. For example, 
98 per cent of the theoretical thiol content was obtained 
from di-n octyl disulphide, and only 30 per cent from 
bis-(7 ~ dehydrocholesteryl) disulphide (Gaylord, 1956).
The presence of branched structures increases the difficulty 
of the reduction.
Specific reagents such as thioethanol, and benzenethiol 
have been used for the quantitative conversion of protein 
disulphides to thiols, but they often produce undesirable 
side reactions and do not convert all of the disulphide to 
thiol. For example a maximum yield of 80 per cent was 
achieved when insulin was reacted with benzenethiol in 6m 
urea (Limb and Dollar, 1 9 6 9).
(f) Thiosulphonic esters
Thiosulphonic esters are reduced with lithium aluminium 
hydride and the major product is disulphide with some thiol 
probably formed by reduction of the disulphide (Gaylord,
1956).
( g) Thiols and thioethers
Thioethers are resistant to attack by complex metal 
hydrides (Gaylord, 1956) but are desulphurized by Raney 
nickel. They are readily oxidized to the sulphoxide with
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hydrogen peroxide, and to sulphones with nitric acid, 
performic acid, or potassium permanganate in glacial 
acetic acid.
Thioenol ethers are not reduced by complex metal 
hydrides, nor are hemi thioketals, but the C-S bond is 
cleaved upon acid hydrolysis to produce the parent ketone.
Thiols react with lithium aluminium hydride to form 
a complex, and the reduced thiol is obtained on hydrolysis.
Dithiols react with lithium aluminium hydride to 
produce hydrogen sulphide and a thiol. Propane dithiol 
for example produced 52 per cent of propane thiol on 
reduction with lithium aluminium hydride (Gaylord, 1956).
Raney nickel desulphurizes thioethers and thiols to 
produce the hydrocarbon and nickel sulphide.
(h) Thiocyanates
Thiocyanates yield the thiol, on reduction with 
lithium aluminium hydride, and the corresponding sulphone 
is reduced to the sulphinic acid (Gaylord, 1956).
(i ) Isothiocyanate, thioketone - thioamide linkage 
Isothiocyanates are reduced by complex metal hydrides
and acid metal systems. For example reduction of phenyl 
isothiocyanate (mustard oil) with lithium aluminium hydride 
produced 78 per cent of N methyl aniline plus hydrogen
sulphide (Gaylord, 1956). Boiling isothiocjranates with 
acid, i.e. hydrochloric acid, produces hydrogen sulphide 
and the primary amine (Vogel, I961).
The thioketone linkage is desulphurized with lithium 
aluminium hydride similar to isothiocyanates with the 
production of hydrogen sulphide. The desulphurization 
may be achieved by heating alone or in the presence of 
metals such as copper, zinc, iron, Raney nickel (Kharash, 
Thyagarajan and Khodair, 1966) or with ammonium sulphide 
at 100°C (Fieser and Fieser, 1950)•
(j) Heterocyclic sulphur
Heterocyclic sulphur compounds are generally resistant 
to attack by the complex metal hydrides, but are desulphur­
ized by Raney nickel (Gaylord, 195^ ; Vogel, 1961).
(k) Sulphate esters
These compounds are desulphurized by hydriodic acid 
to give the alcohol and hydrogen sulphide.
Sugar sulphates are like most esters and are labile 
to both acid and alkali, and appear to be resistant to 
catalytic hydrogenation; moreover the presence of a sulphat 
group in a sugar derivative seems to confer on other groups 
present a resistance to hydrogenation (Turvey, 1965).
A consideration of the reactions of the related 
sulphonic esters suggests that lithium aluminium hydride
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might effect desulphation. However this hydride can only 
be used in such inert solvents as ethers and dioxane in 
which sugar sulphates are only slightly soluble. For 
example methyl ß-D-galactopyranoside-6-sulphate was not 
desulphated by lithium aluminium hydride when refluxed 
for 70 hours in tetrahydrofuran. However di-O-isopropylidene 
OC-D-glucofuranose - 3 - sulphate in dry dioxane was 
desulphated. The comparable pyranose-6-sulphate and various 
methyl glycoside sulphates were also desulphated (Turvey, 
1965)* The yields of desulphated products were in the 
region of 43 to 60 per cent, and the products in all cases 
were the parent alcohols with no deoxy sugars.
O-methylated oligosaccharide sulphates in the hemi- 
ester form are resistant to the action of lithium aluminium 
hydride, but are reduced when the di-ester has been formed.
In the case of di-O-isopropylidene OC-D-glucofuranose-3- 
sulphate, alkali-metal borohydrides do not cleave the 
sulphate group by reduction (Turvey, 1965)«
Mild treatment with methanolic hydrogen chloride 
brings about desulphation of many polysaccharides without 
substantial glycosidic cleavage (Rees, 19^5)* This method 
is normally applied in conjunction with methylation or 
periodate oxidation. Less frequently used methods are
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acetylative desulphation and reductive removal of the 
mixed ester which can be prepared with diazomethane.
The insolubility of sugar sulphates and polysaccharides 
in all but aqueous or highly polar solvents is in many 
respects a disadvantage. The presence of the ionic, hemi- 
ester group is partly responsible for this insolubility 
and it renders difficult such processes as methylation 
acetylation and reduction (Turvey, 1965).
Therefore, either reduction and or desulphurization 
can be achieved with suitable reducing agents. However 
in most cases only partial reaction occurs due to steric 
difficulties.
2 .3 *2 . Application of reducing agents to identify the 
organic sulphur compounds occurring in soil 
If complete reduction could be achieved the end products 
would be inorganic sulphide and hydrocarbons. The use of.reagents 
that are specific to a group or several sulphur groupings 
and are able to reduce the sulphur to inorganic sulphide , 
is the first step in the quantitative study of the organic 
sulphur compounds in soil. These reagents include hydriodic 
acid, which reduces ester sulphate groups to sulphide, 
and Raney nickel which desulphurizes a number of different 
groupings including aryl sulphonic acids, aryl sulphinic
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acids, aryl and alkyl sulphoxides, disulphides, thiols, 
thioethers, thiocyanates, isothiocyanates, thioketones, 
and heterocyclic sulphur compounds.
Many reducing agents do not liberate the sulphur from 
the molecule, and while the end product is not easily 
measured, more information may be obtained as to the nature 
of the molecule. These include the milder reducing agents 
such as the complex metal hydrides, and metallic systems 
with acid which both reduce the compounds ultimately to 
thiols. However, some of these reagents (Sn-HCL; Melville, 
Freney and Williams, 1971) do liberate hydrogen sulphide 
from specific groups depending on the stereochemistry of 
the molecule. These groupings include isothioc)^anates, 
thioketones and thioamide linkages. However, while 
estimating these groupings only a small portion of the 
sulphur may be liberated as hydrogen sulphide.
Catalytic hydrogenation does not appear to be of much 
use for studying the chemical nature of organic sulphur 
compounds in soil as the catalyts especially platinum metal 
are deactivated by divalent sulphur compounds. This has 
been overcome by first removing the sulphur with Raney 
nickel or by oxidation (Rylander, 19^7)• However,
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the complex metal hydrides are probably just as versatile 
as catalytic hydrogenation and will provide very similar 
information.
The removal of the sulphur with Raney nickel has 
frequently been an important step in the elucidation of 
the structure of sulphur-containing compounds. Among 
many examples which may be cited are benzyl — penicillin, 
biotin, lipoic acid, phalloidine and actithiazic acid 
(McQuillin, 1963). However, Raney nickel reduction of 
soil suffers from interference and extraction difficulties.
The use of several reducing agents on soil may yield 
more information about the chemical nature of the organic 
sulphur; for example, the use of hydriodic acid to estimate 
the ester sulphate component and Raney nickel to estimate 
carbon bonded sulphur. However, until the material is 
extracted and fractionated,reduction techniques will not 
elucidate the situation as they are not specific to a single 
grouping, and in nearly all cases only partial reduction is 
possible due to steric hindrance. Therefore the reducing 
agents which are likely to be of greatest value on soil are 
those such as hydriodic acid and Raney nickel which release 
hydrogen sulphide as an end product.
Chemical methods which may indicate the nature of the 
organic sulphur compounds in soil include reductants which
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produce different products from the same initial compounds. 
For example in establishing whether aryl sulphonic acids 
or esters are present, Raney nickel will reduce these 
compounds to aryl hydrocarbons and inorganic sulphide.
Zinc and hydrochloric acid or sodium amalgam will produce 
thiophenols which may be determined by gas chromatography, 
and thus allow7 the identification of aryl sulphonic acids. 
However the identification of such end products from soil 
need not necessarily mean that they were originally present 
as aryl sulphonic acids, as aryl sulphinic acids and aryl 
disulphides are also reduced to thiophenols by zinc and 
hydrochloric acid, and desulphurized by Raney nickel to 
produce the hydrocarbon. Thus a number of groupings could 
be examined by using reducing agents which are capable 
of producing different end products.
Alkyl sulphonic and sulphone groups are generally 
not reduced by metal hydrides or metal-acid systems. 
However, these compounds may be separated and identified 
by chromatography.
Sulphoxides are reduced to thioethers by complex 
metal hydrides and further work on the isolation of 
thioethers before and after such reduction may establish 
the content of such compounds in soil. Methionine
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determination in soil is an example of the complications 
in determining thioethers (see page 43).
Disulphides are reduced to thiols by metal-acid 
reagents, complex metal hydrides, sodium-ammonia, and 
hydriodic acid (McQuillin, 1963). However, the yield of 
thiol is influenced by steric factors, and yields 
as low as 30 per cent have been reported (Gaylord, 193^), 
therefore for quantitative estimation these reagents are 
unsuitable.
A disulphide bond can be cleaved by sodium sulphite 
at pH 7.4 in the presence of an oxidizing agent (O- 
iodosobenzoate, or tetrathionate) to give two molecules 
of S-sulphonate. This method has been used with cystine, 
oxidized glutathione, insulin, ribonuclease, chymotrypsinogen 
and trypsinogen. All of the proteins studied by Bailey 
and Cole (1959) were completely converted to S-sulphonates 
when the reactions were carried out in 8M urea with 
iodosobenzoate at 38°C and at pH 7»4. Amino acid analysis 
showed that the only amino acid affected by sulphite was 
cystine (Bailey and Cole, 1939; Klayman and Shine, 1968).
RSSR + SO
t
RSSO + RS I
iodosobenzoate
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Cysteine S-sulphonate once liberated by alkaline hydrolysis 
from the peptide may be extracted and identified by 
chromatography and converted to cysteic acid by acid 
hydrolysis.
A method for the determination of the thiol group of 
cysteine-cystine system is the chromatographic estimation 
of cysteic acid present in acid hydrolysates of oxidized 
proteins (Kiinmel et al 1955; Huisman, 1959)* However 
complete conversion of cysteine to cysteic acid does not 
occur, especially in the presence of iron when sulphate 
and insoluble humin materials are formed (Huisman, 1959)» 
Similar losses have been shown for methionine in plant 
material when hydrolysed by hydrochloric acid. The loss 
due to acid hydrolysis was from 30 to 59 per cent of the 
original methionine (Jennings and Lewis, 19^9)• Performic 
acid oxidation prior to acid hydrolysis greatly reduces 
the decomposition or loss of methionine sulphur, which is 
determined as methionine sulphone. The three main 
destructive methods observed are deamination, demethylation, 
oxidation of the sulphur (Pikkarainen and Kulonen, 1959) 
and release of dimethyl sulphide and methanethiol 
(Challenger and Hollingworth, 1959)* This means that the 
values obtained for sulphur-containing amino acids by
44
direct acid hydrolysis of soil may only represent a small 
portion of the sulphur-containing amino acids in soil.
Thiols which are the end products of reduction by 
many reagents are oxidized in aqueous solutions to 
disulphides. This oxidation is catalysed by metal ions, 
light and radiation, and readily occurs in neutral or 
alkaline solutions in the presence of cupric, manganous 
or ferric ions (Young and Maw, 1958; Savige and Maclaren, 
1966). Therefore, the formation of thiols by reduction in 
the presence of soil may result in either re-oxidization 
to disulphide or binding by heavy metals and thus prevent 
further reaction which is needed in many of the methods 
to enable the estimation of the thiol.
The reactivity of the thiol group can often be a 
disadvantage because besides re-oxidation to disulphides 
and beyond, and binding with metals, hydrogen sulphide 
may be lost from the system by 3 elimination (Benesch 
and Benesch, 1962).
Iron sulphur protein complexes are known to release 
hydrogen sulphide below pH 3*5 which may enable the 
estimation of such complexes (Millar, 1970)*
The determination of thiols in soil before and after 
reduction may prove to be difficult due to their reaction 
with metals. They are often determined by titration with
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silver (Ag NO ) , mercury (Hg Cl ) and organic mercury 
compounds such as O-hydroxymercuribenzoic acid using 
ditliiof luorescein as an indicator, both for small molecular 
and protein thiols (Denesch and Benesch, 19^2 ; Wronski, 
1966). Amperometric titrations are also used, -where the 
excess metal, but not the undissociated metal sulphide, 
gives rise to an electric current between a dropping 
mercury electrode and a rotating platinum wire electrode. 
This method may be satisfactory in soil extracts after 
removal of cations, but in the presence of soil the 
exchangeable cations would make it impossible to detect 
the end point.
Titration with O-hydroxymercuribenzoic acid may allow 
the estimation of thiols, thio esters and disulphides in 
soil extracts. After an initial titration of the free 
thiols the addition of sodium sulphite and a further 
titration will determine disulphides in a pure system, 
and the addition of dimethy1amine and sodium hydroxide 
which converts thiol esters to thiols, after a further 
titration, allows the estimation of thiol esters (Wronski, 
1966). This procedure appears to hold some merit, 
especially if most of the ash components can be removed 
from the extracts by high speed centrifugation or by 
dialysis against hydrofluoric acid.
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The spectrophotometric procedure of Boyer (195^)> 
based on the reaction of protein thiol groups with p- 
chloromercuribenzoic acid has been used to determine thiol 
and disulphide groups in human haemoglobins and milk 
(Hommes, Dozy and Huisman, 1958» Sasago, Wilson and Herreid,
1963).
The release of all of the silver ions after argentometric 
titration of milk protein by p-chloromercuribenzoic acid 
(Sasago, Wilson and Herreid, 1963) suggests that the iron 
in iron complexes of thiols, if they occur in soil, may 
also be liberated, and thus allow the determination of thiols 
in soil. Interferring metal ions may be removed with 
ethylene diamine tetra-acetic acid which does not affect 
the p-chloromercuribenzoate-dithizone reaction and 
determination of cysteine (Sasago, Wilson and Herreid, 1963).
Another method for detection of thiol and disulphide 
groups is the alkaline nitroprusside reaction where excess 
2:2' dihydroxy 6 :6 ' dinaphthyl disulphide at pH 8.5 reacts 
with thiol and disulphide groups. After reaction, treatment 
with tetrazo derivative of O-di-anisidine gives a red or 
blue dyestuff according to whether coupling occurred once 
or twice (Challenger, 1959).
The reaction of aryl disulphides writh thiols may be
of use in soil, especially bis (p-n.itrophenyl) disulphide
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at pH 8 which forms 1 mole of p-nitrothiophenyl per mole 
of thiol (Ellman, 1959)» This anion is highly coloured 
(em=13,600 at 412 my) and could be measured in a similar 
way to Tabatabai and Bremner's (l970) method for the estimation 
of aryl sulphatase activity where the p-nitrophenyl colour 
is measured. This approach appears to warrant further 
consideration and may give some meaningful results for 
thiols in soil. In addition the estimation of thiols 
after selective reduction with say alkaline sodium borohydride 
which reduces aryl sulphonic and sulphinic acids plus 
disulphides to thiols may enable their estimation. Further 
treatment of the soil with phosphorus penta chloride will 
convert alkyl sulphonic and sulphinic acids, and sulphones 
to sulphonyl chlorides which on reduction with sodium 
borohydride produce thiol groups which can then be treated 
with bis (p-nitrophenyl) disulphide and the resulting 
p-nitrothiophenyl colour measured. Used in this way bis 
(p-nitrophenyl) disulphide at pH 8 permits estimation of 
the thiol content, thiols, aryl sulphonic and sulphinic 
acids plus disulphides after reduction, and after the 
formation of the sulphonyl chloride, alkyl sulphonic and 
sulphinic acids plus sulphones may be estimated.
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Sulphoxides and thioethers may be determined by prior 
oxidation to the sulphone before the formation of the 
sulphonyl chloride. However, many of the reactions do 
not go to completion and therefore will not determine all 
of the particular group being investigated.
The isolation and identification of sulphated 
polysaccharides from soil may be achieved by extraction 
with 0.5N sodium hydroxide solution and with similar treat­
ment to soil as reported by Dormarr (1967) and Swincer,
Oades and Greenland (1968). Ester sulphates appear to be 
unstable in sodium hydroxide solution, however, the stability 
of the hydriodic acid-reducible fraction will be discussed 
in section 6. Acid treatment of ester sulphates may cause 
degradation, and the presence of sulphuric acid would 
sulphate some sugar hydroxyl groups (Turvey, 19^5)* 
Therefore, from the quantitative point of view these methods 
appear to be unsatisfactory, but careful examination of the 
effects of extraction may allow alternative procedures to 
be used for extracting sulphate esters from soil.
Extraction at low temperatures, and at neutral pH to 
minimumize hydrolysis of the sulphate, may enable some 
sulphated polysaccharides to be isolated and partly separated 
from other major constituents by the use of charcoal
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filtration, polyclar AT etc. to remove the phenolic 
component (Swincer, Oades and Greenland, 1968).
Additional problems in the isolation and structure 
determination are caused by the covalent combination of 
carbohydrate sulphates with proteins and lipids.
As a preliminary study of the chemical nature and 
availability of the sulphur in organic compounds in soil, 
to plants; an examination of the broad groupings appears to 
offer some promise.
The reducing agents that produce hydrogen sulphide as 
an end product will be examined because of the ease of 
estimation, Raney nickel reduction in particular, will be 
studied as it may allow the estimation of the broad groupings 
which includes most of the compounds where sulphur is directly 
bonded to carbon. This and hydriodic acid reduction may 
allow the elucidation of the nature of the organic sulphur 
which is made available to plants during the growing period.
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2 .6 Plant utilization of soil sulphur
Plants absorb sulphur mainly in the form of sulphate, 
although carbon bonded sulphur in the form cystine and 
methionine can be assimilated and utilized as a source of 
plant sulphur (Bardsley, i960). Good correlations have 
been obtained between the phosphate-soluble sulphate in 
soil, plant growth (Spencer and Freney, i960), and the 
uptake of sulphur by plants (Fox, Olson and Rhoades, 1 9 6 4 ; 
Barrow, 1967a; Rehm and Caldwell, 1968). The phosphate- 
soluble sulphate includes the water soluble and adsorbed 
sulphates, and represents the readily available forms of 
soil sulphur. As indicated previously, as well as 
utilizing phosphate-soluble sulphate plants can obtain 
sulphur from the mineralization of soil organic matter.
Sulphur deficient plants frequently occur on soils 
containing appreciable amounts of organic sulphur, suggesting 
much of the organic sulphur is present in forms not easily 
assimilated by plants.
Although plants absorb inorganic sulphate, cystine 
and methionine (Bardsley, i960) all of which usually occur 
in soil in small amounts, very little is known of those 
sulphur fractions within the soil organic matter that are 
actually mineralized and utilized by plants.
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The actual amount of sulphur taken up by plants from 
soil and the atmosphere during a year varies with the 
type of plant (see table 2 .6l), the stage of physiological 
development, and the rate of growth, which is governed 
by the supply of sulphur and other growth factors.
McHargue and Roy (1932) calculated the average 
amount of sulphur consumed by trees of 21 species to be 
7.6 Kg. of sulphur/ha./year. This figure of 7.6 agrees 
with the figure of 8.1 Kg./ha./year calculated from 
Remezov's (1956) results. Woody species thus generally 
absorb somewhat less sulphur than non woody plants 
(table 2 .6l) such as pasture and cereals crops which 
take up between 9 to 27 Kg. of sulphur/ha./crop or year, 
while cruciferous crops (cabbage, kale, radishes, and 
turnips) and members of the liliaceae family (chive, 
garlic, leek and onion) generally need greater supplies 
of sulphur (20 - 43 Kg.ha./crop) than other plants.
The need for more sulphur than is required for 
protein synthesis by the latter two families results from 
the production of other sulphur-containing constituents 
which give these plants their characteristic taste or 
smell (i.e. allyl iso-thiocyanates, thiols and 
glucosides, Beaton, 1966 ) .
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Table 2.61 Sulphur absorbed by plants
Crop
S absorbed
Species Kg. of S/ha./year Reference
or crop
Cereal Corn 9 ~ 11 Beaton, 1966
Wheat 1 0 - 1 3
Pasture Clover 17 - 22 Whitehead, 1964
Grass 9 - 1 3
Lucerne 22 - 27
Vege table Cabbage 21 - 43 Beaton, 1966
Onion 20 - 22
Potatoe 8 - 11
Turnip 28 - 39
Other Cotton 13 - 17 Whitehead, 1964
Commercial Sugar beet 21 - 3 1
Crops Tobacco 13 - 17
Forest Birch 7 - 20 Remezov, 1956
Oak 6 - 8
Tree s Pine 2 - 9
Poplar 7 - 1 5
Spruce 2 - 9
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The small sulphur requirement of arboreal plants is 
probably related to the low sulphur content of woody 
tissue, the majority of the plant sulphur being in the 
leaves (Liani, 1967).
With plants of different sulphur requirement the 
growth of some species may become limited by the 
availability of sulphur which may depend to a large 
extent upon the rate of mineralization of the soil 
organic sulphur. However, plants may obtain appreciable 
amounts of sulphate from sub-soil horizons which could be 
such that mineralization of organic sulphur in surface soil 
is of secondary importance.
A greater understanding of the chemical nature of 
the organic sulphur compounds in soil, and their ability 
to be mineralized during plant growth may permit more 
precise estimates of the sulphate supplying capacity of 
the organic sulphur present in surface soil.
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3 METHODS AND MATERIALS
3.1 Soils
The soils for study were chosen to include both 
chemically contrasting soil types and soils which had 
been subjected to different forms of land use. Some of 
the details of the soils on which the major studies were 
made are given in tables 3 « H  and 3*12.
In all cases the 0-10 cm layer of surface soil was 
collected, air-dried and ground to pass a 2 mm sieve 
before examination. A sub-sample was further ground to 
less than 0.5 mm for use in the chemical studies.
3.2 Reagent s
All chemicals used were of analytical reagent 
quality.
3.2.1 Nitrogen. ' 0x}rgen free’ nitrogen was passed 
through an aqueous wash solution containing 5 - 10 per 
cent mercuric chloride and two per cent potassium 
permanganate to remove reduced sulphur compounds.
3.2.2 Water. All water used in the preparation of 
reagents and in pot culture and incubation studies was 
distilled and free from copper.
Table 3*11 The soil type, location, parent material, texture and previous land
use of the soils studied
No. Soil*type Location
Parent
Material Texture
Land
Use
Major
Species
1 •Yellow l4 mi. S.E. of Siliceous Sandy Improved Lolium perenne
Podzolic Crookwell, N.S.W. Shale loam pasture Trifolium
subterraneum
2 Yellow
Podzolic
9 mi. S .E . of 
Crookwell, N.S.W.
Granodiorite Sandy
loam
Improved 
pasture 
(40 yrs)
Lolium perenne
Trifolium
Subterraneum
3 Chocolate 4 mi. S.E. of 
Crookwell, N.S.W.
Basalt Clay
loam
Virgin
pasture
Native grasses
4 Krasnozem 0.5 mi. N.N.W. of 
Laurel Hill, N.S.W.
Tertiary
Basalt
Loam-
clay
loam
Conifer 
forest 
(47 yrs)
Pinus radiata
5 Red Earth 1.5 mi* E.E.N. of 
Laurel Hill, N.S.W.
Granite Clay
loam
Conifer 
forest 
(42 yrs)
Pinus contorta
6 Yellow 
Pod zolie
11 mi. S.E. of 
Crookwell, N.S.W,
Granodiorite Sandy
loam
Virgin
pasture
Native grasses
As defined in A Handbook of Australian Soils by Stace, et al., 1968.
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3.2.3 Catalysts. Three different methods were used for 
the preparation of Raney nickel
(i) The catalyst was prepared by the method of 
Granatelli (1959).
(ii) Raney nickel containing different amounts
of hydrogen ( Mozingo et al. , 19^3)- was
prepared by adding 0.1 to 2.0 g of Ni-Al 
alloy (B.D.H. Poole, England) to 1.25 N 
sodium hydroxide solution in the ratio of 
1:25» in a 25 ml Erlenmeyer flask, at such 
a rate that the temperature did not rise 
above 25°C. The mixture was allowed to 
stand at ^ 20°C for 2 hours and then heated 
in a water bath at either 5C°C or 80°C for 
1 hour. After heating, the nickel was 
allowed to settle and the supernatant 
liquid was decanted. The nickel was washed 
three times with distilled water and used 
immediately.
(iii) The catalyst was produced during reaction 
of the soil with sodium hydroxide and Ni-Al 
alloy as described by Lowe and Delong (1963).
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3*2.4 Potassium phosphate solution (4,000 ppm P ) at 
pH 7*0 was prepared with potassium dihydrogen phosphate 
(17.56g), potassium hydroxide (3*82g), and made up to a 
litre with water; the pH was adjusted to 7*0 using a pH 
meter.
3*2.5 All other reagents were prepared by the method 
of Johnson and Nishita (1952).
3*3 Analytical Methods. All determinations were 
duplicated, and where the difference varied by more than 
5 per cent the determinations were repeated. Unless 
otherwise stated the results are the average of two 
determinations.
3*3*1 Total soil sulphur. Total sulphur was determined 
by a modification of the method described by Steinbergs, 
Iismaa, Freney and Barrow (1962). 0.1g of ground soil with
a guard of 0.5g sodium bicarbonate:silver oxide (20:l) 
mixture was heated in a 1.5 x 1.5 cm porcelain crucible 
at 550°C for 3 hours, and the oxidized sulphur determined 
by reduction with 4 mis of a reducing mixture consisting 
of hydriodic acid (SG. 1.7)> formic acid (90 per cent), 
and hypophosphorous acid (50 per cent) in the ratio 4:2:1 
V/V, and measuring the hydrogen sulphide evolved as 
methylene blue (Johnson and Ulrich, 1959)* Before
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developing the methylene blue colour the absorbing solution 
was brought to a constant temperature of 25°C, since 
fluctuations in temperature effect the final colour 
(Gustafsson, i960).
3•3•1a Total sulphur in liquid extracts
The evaporation of the required amount of liquid 
extract into the porcelain crucibles was achieved in two 
ways.
(i) The extract wqs added to the crucible in 
O .5 nil lots in order to keep the level of evaporated 
extract within the bottom half of the crucible, and then 
evaporated to incipient dryness on a water bath. This 
procedure was repeated until the required amount of 
extract was evaporated.
(ii) For large volumes of extract the required 
volume was evaporated in a beaker to approximately 0.5 
ml, and transferred to a 1.5 x 1.5 cm crucible. The 
concentrated extract was washed into the crucible using 
eight 0.5 nil lots of one per cent NaHCO^ solution and 
evaporated to incipient dryness between each washing as 
indicated above. The oxidation and sulphur determination 
was as described for total soil sulphur.
3.3.2 Reducible Sulphur.
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3.3*2a Hydriodic acid-reducible sulphur was determined 
by reacting O.lg soil, or a suitable aliquot of the 
extract evaporated to approximately 2 ml with 4 ml of a 
reducing mixture, consisting of hydriodic acid (SG.1.7)» 
formic acid (90 per cent) and hypophosphorus acid ( 30 
per cent) in the ratio of 4:2:1 V/V, using the apparatus 
and reagents described by Johnson and Ulrich (1939)* 
Attempts were also made to increase the value 
obtained for this fraction in soil by reacting O.lg of 
soil in a 2 ml plastic crucible with 1 ml of 40 per cent 
hydrofluoric acid at 100°C for 2 hours or alternatively 
with 1 ml of 5N HF: IN HC1 for 24 hours at room 
temperature. The hydrofluoric acid was removed by 
evacuation over sodium hydroxide pellets and the residue 
was reacted with hydriodic acid reducing mixture as 
described above.
3.3*2b Raney nickel. The Raney nickel method described 
by Lowe and Delong (1963) for the estimation of carbon 
bonded sulphur in soil, and extracts was examined. Soil 
(O.lg), or an appropriate aliquot of extract (neutralized 
in the case of acid extracts) plus 3 ml of 1.23N 
NaOH and O.lg of nickel-aluminium (i:l) alloy were placed 
in a 130 ml round bottom flask with 23 mis of distilled
water. This was then heated for 30 minutes in an
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atmosphere of nitrogen. The sulphide formed by the 
reduction was released as hydrogen sulphide by acidifying 
the system with 3 nil of 1:1 aqueous hydrochloric acid and 
boiling for 30 minutes. The hydrogen sulphide evolved 
was collected and developed as methylene blue by the 
method of Johnson and Nishita (1952).
Hydrochloric acid was added by means of a hypodermic 
syringe with a needle inserted through a rubber stopper 
plugged into a glass tube inlet. It was convenient to 
add the hydrochloric acid via the hypodermic syringe 
which also reduced the risk of hydrogen sulphide loss 
during the acid addition.
3*3*3 ■?P.Qrganic sulphate, . Soluble plus adsorbed sulphate 
was extracted from soil by a mono calcium phosphate 
solution containing 500 ppm of phosphorus (Williams, 1968), 
and then determined in a suitable aliquot of the extract 
by the reduction procedure of Johnson and Ulrich (1959).
3*3*^  Total organic sulphur. The total organic sulphur 
in soil was determined by a modification of the method 
outlined by Bardsley and Lancaster (1963), in which
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phosphate solution (3OO PPm P) was used to displace 
inorganic sulphate instead of the acetate solution, and 
zinc and hydrochloric acid were used to remove sulphides.
3.3.5 Total nitrogen. Total nitrogen was determined by 
a micro-Kjeldahl method as follows* 0.3g of soil or a 
suitable aliquot of extract was digested with 10 ml of a 
mixture prepared by dissolving 100g of potassium sulphate 
and lg of selenium metal in 1000 ml of concentrated 
sulphuric acid. The digestion was carried out on electrical 
heaters and the digestion continued for an hour after the 
mixture became colourless. The ammonia was steam 
distilled into 2 per cent boric acid containing bromo 
cresol green-methyl red indicator and titrated with 0.01N 
hydrochloric acid.
3*3.6 pH measurement. All pH measurements were determined 
with a glass-calomel electrode assembly. Soil pH was 
determined on a 1:3 soil, water suspension.
3*3*7 Exchangeable cations. The exchangeable metal ions 
were determined by leaching soil with N ammonium chloride 
(Piper, 19^2). Sodium, potassium and calcium were 
determined by flame photometry using an Auto analyser 
(Williams and Twine, 1967); Magnesium by atomic adsorption
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(David, 1962), and exchangeable hydrogen was determined by 
the p-nitrophenol buffer method of Schofield (1933).
3.3*8 Aluminium, calcium, chromium, copper, iron, 
magnesium, manganese, silicon, titanium and 
vanadium.
Aluminium was determined by the Eriochrome cyanine R method 
of Jones and Thurman (1957). Calcium, chromium, copper, 
iron, magnesium, manganese, silicon, titanium and 
vanadium by atomic absorption (David 1962, and David 
unpublished methods).
3.4 Extraction of soil sulphur. Except where otherwise 
indicated, all extractions were performed at 20°C on a 
reciprocating shaker.
3.4.1 Calcium dihydrogen phosphate. Five grams of soil 
was shaken for 30 minutes with 20 mis of a solution 
containing 500 ppm of phosphorus and then centrifuged and 
filtered through a Whatman No. 42 filter paper (Williams, 
1988).
3.4.2 Chelex 100 - chelating resin. The soil sample 
(lOg) was weighed into a 4 oz. polyethylene bottle, 
followed by 3g of wet Chelex 100 resin (100 - 200 and 50 - 
100 mesh), and 48 ml of distilled water (Yuan, 1964). The 
mixture was shaken on a reciprocating shaker, at 20°C , for
periods ranging from 1 hour to 12 days. The extracts were
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centrifuged at 10,600 r.p.m. for 15 minutes and filtered 
through a Whatman No. 42 filter paper. Part of the 
filtrate was then centrifuged at 30»000 r.p.m. (lOO,OOOg) 
for an additional 3 hours.
The resin (Chelex 100) was the sodium form of a 
■weakly acidic imino diacetic acid-polystyrene resin as 
supplied by Bio-Rad Laboratories, Richmond, California, 
U.S.A.
3.4.3 Sodium hydroxide, Sodium pyrophosphate and Sodium 
bicarbonat e-carbonat e .
Except where indicated otherwise ten grams of soil 
were shaken with 50 ml of
(i) 0.5N sodium hydroxide solution,
(ii) 0.1M sodium pyrophosphate solution at pH 7> 
or with,
(iii) 0.2N sodium bicarbonate-0.3N sodium carbonate 
solution at pH 10.2 for varying periods.
The extracts were filtered through Whatman No. 42 filter 
papers.
Soil (lOg) was also extracted for l6 hours with a solution 
of 0.5N sodium bicarbonate (200 ml) adjusted to pH 10 
with sodium hydroxide (Lowe and Delong, 1961). After the 
removal of the soil by filtration part of the filtrate 
was heated at 90°C for l6 hours.
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3.^+.^ Ultrasonic d i s persion. Soil samples were extracted 
with alkaline solutions using a Dawe Soniprobe (Halstead, 
et a l ., 19^6).
3.5 Chemical Fractionation
3•3•1 Separation of soil extracts into fulvic and humic 
a c i d s .
The separation of soil extracts into fulvic and humic 
acids was carried out at pH 1 with hydrochloric acid (Bear,
1958).
The extract (8 ml) was acidified to pH 1 with N HC1 
in a 10 ml volumetric flask, and the total volume adjusted 
to 10 ml with distilled water; the mixture was left for at 
least 1 hour to allow complete precipitation of humic acid. 
The humic and fulvic acids were then transferred to a 
12.3 ml tapered centrifuge tube and centrifuged at 2,730 
r.p.m. for 20 minutes.
Any floating humic acid was made to settle by 
removing the bubbles attached to the flocculant precipitate 
with the aid of a glass stirring rod. The mixture was 
recentrifuged and the fulvic acid siphoned off and 
filtered through a Whatman No. k2 filter paper.
3•3•2 Determination of fulvic and humic acid sulphur. 
3*3»2a Fulvic a c i d .
Fulvic acid (3 ml) was concentrated by evaporation in
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a 25 ml beaker, transferred to a 1.5 x 1.5 cm porcelain 
crucible and the total sulphur determined by the method 
of Steinbergs et al. (1962), as described above.
3.5»2b Humic Acid. The humic acid remaining in the 10 ml 
volumetric flask was 'washed into the centrifuged humic 
acid with three washings of 0.1N HC1 (lO ml) and then 
centrifuged. The pellet was redispersed each time with 
a glass stirring rod (the one used in the separation of 
fulvic and humic acid to remove the humic acid from the 
surface of the fulvic acid) and the supernatant siphoned 
off to leave approximately 0.5 ml in order to avoid 
removing any humic acid. On the third washing the liquid 
was removed to 0.25 ml, and 0.5 ml of 2.5N NaOH 
was added to redissolve the humic acid and to assist 
transfer to the porcelain crucible. The centrifuge tube, 
volumetric flask and stirring rod were washed with four 
lots of 0.5 ml of 0.IN NaHCO^, and the washings 
added to the crucible and evaporated to incipient dryness. 
The sulphur was estimated by Steinbergs et al. (1962)
procedure.
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3•6 Pot Culture Experiment
3.6.1 S o ils. Four soils (2a, 3a, 4 and 5 ) "were used in 
the pot culture experiment. Soils 2a and 3a were different 
soil samples to soils 2 and 3 but were collected from the 
same site. These soils were collected from pasture or 
forest sites as follows:
2a - Improved pasture at Crookwell, N.S.W.
3a - Native pasture at Crookwell, N.S.W.
4 - Pinus radiata stand in the Bago State
Forest, N.S.W.(lot 1 Laurel Hill)
5 - Pinus contorta stand in the Bago State
Forest, N.S.W.(lot 6 Laurel Hill)
Details of land use and some chemical properties of these 
soils are given in tables 3*11 and 3*12.
The soils were air-dried, passed through a 2 mm sieve, 
thoroughly mixed and potted into enamelled pots of 
approximately 4Kg capacity, lined with two polyethylene 
bags. The amounts of soil per pot ranged from 3*4 to 
4.0 Kg for soils 5 and 2a respectively. At the time of 
filling the pots a soil sample was withdrawn for laboratory 
examination.
3.6.2 S p e c i e s . Pots were sown with Eucalyptus b l a k e l y i , 
Pinus radiata D. D o n , and Phalaris tuberosa L using 
germinated seeds. In addition unsown pots were used to
simulate fallow conditions.
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3.6.3 Nutrient treatments. For each species there were 
two treatments - no added sulphur and sulphur applied at 
a rate of 12 ppm as sodium sulphate at the beginning of 
the experiment. An additional 12 ppm of sulphur 'was added 
to the Plialaris tuberosa pots at seven weeks. The unsown 
pots did not receive added sulphate except that present 
in the basal nutrients and water which amounted to a 
maximum of 0.7 mg of S/pot. There were three replicate 
pots for each treatment.
All pots received an initial basal dressing of 
(mg/pot) CaCl2 440; KH P0, 440; MgCl2 . 6 ^ 0  360 ; KC1 200;
FeCl .6H2°
00-3- MnCl2 .4H 0 18; NH^NO^ 15; ZnCl2 10;
CuCl„.2H0 0 6 ; Na„MoO,.12H_0 4:; Na„B10 1,2 2 2 4 2 ’ 2 4 7
Further applications of KHoP0^ 440 mg were made at 
four and eight weeks after planting and NH^NO^ 15 mg at 
2, 4, 6, 8, and 10 weeks.
3.6.4 Management. The experiment was done in a glasshouse 
with cooling and heating facilities to give a controlled 
temperature of 25°C by day and 20°C by night. Plants were 
sown on the 27 November 1967 and harvested 12 weeks later, 
Soil moisture was maintained near to field capacity 
(pf2) by regular weighing and watering. The amounts of 
distilled water consumed were recorded and its sulphate
content determined.
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The unplanted (fallow) series was maintained weed-free 
throughout the experiment. The plant tops were harvested 
at soil level, and the roots were separated from the soil 
by dry-sieving, and washed free of most of the adhering 
soil with water before drying. After removing the plant 
roots the soil was mixed thoroughly and a sub-sample taken 
for chemical examination. This soil was air-dried at 20°C. 
The plant tops and roots were dried at*98°C before weighing 
for yield, and then ground to enable sulphur 
analysis to be performed on the plant material.
3 .6.5 Chemical analysis. Plant tops and roots were 
analysed for sulphur and nitrogen by the method of 
Williams and Twine (1967) using an Auto-analyser.
Total soil sulphur, Raney nickel and hydriodic acid 
sulphur were determined as described in the ’Analytical 
Methods'.
All results were expressed on an oven dry basis and 
related back to ppm (rng/Kg) in the soil.
3.7 Radio Chemical Study.
3.7.1 Soils. Three soils (3, 5 and 6; tables 3*H and 
3.12) were collected moist, sieved through a 2 mm screen, 
thoroughly mixed and 75 g (O.D.B.) sub-samples of the moist 
soil were weighed into 4 oz. glass jars.
* No detectable difference in total sulphur was obtained 
between drying plant tops and roots at 70 and 98°C.
72
3.7*2 Nutrients. An energy source in the form of glucose 
was added to the soil in the plus glucose series at a 
level of 0.3 per cent on an oven dry basis.
All jars received a solution containing 73 U. Ci 
3 5 3 5of as Na^S^O^ and a total sulphate content of 730 (jg
(l0 ppm in the soil).
3 .7.3 Management of incubation. Soil, plus sulphate and 
glucose in the glucose series, was mixed in the jar and 
the moisture content adjusted to 100 cm tension (pf 2) 
with sulphur-free water, and then incubated at 30°C for 
varying periods up to l68 days. Jars were regularly 
weighed and watered in order to maintain the soil moisture 
near to 100 cm tension.
Each treatment had three replicates. At the end of 
the incubation period the soil was mixed and sub-sampled.
3.7 • ^  Extraction. The incubated soil was leached with 
potassium phosphate (4,000 ppm P) solution at pH 7*0 to 
remove inorganic sulphate. Soil (lOg) and phosphate 
solution (30 ml) were shaken for one hour filtered through 
a Whatman No. 42 filter paper and the soil leached with 
phosphate solution (pH 7*0) until the volume of the 
leachate amounted to 200 ml. The leached soil was analysed 
without drying, and the leachate reduced in volume to 50 ml 
by evaporation under vacuum at room temperature before
chemical analysis.
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Bicarbonate-carbonate extracts were obtained by the 
procedure described in section 3 • ^  • 3 •
Sodium hydroxide extracts were prepared by bulking 
a series of extractions with 0.5N sodium hydroxide solution. 
Soil (5g) and 0.5N sodium hydroxide solution (25 mis) were 
shaken for half an hour and then centrifuged and the super­
natant removed. This was repeated eight times, each time 
the soil pellet being dispersed by means of a stirring rod.
The combined sodium hydroxide extracts were reduced 
in volume by evaporation under vacuum at room temperature. 
3.7.5 Chemical analysis.
3.7.3a Sulphur fractions. The sulphur fractions were
determined as described in the analytical methods section
with the following modification to the absorbing solution.
The zinc acetate; sodium acetate solution was replaced by
IN sodium hydroxide solution (20 ml) to enable sub-sampling
for radio active counting. To increase the sensitivity of
Johnson and Nishita’s (l952) method the volume of the
methylene blue colour was reduced to 50 ml. This resulted
in more accurate determinations below 10 )jg of sulphur.
One ml of the sodium hydroxide absorbing solution was 
35removed for S counting and the remaining 19 ml was used 
to develop methylene blue which was read in a spectro­
photometer at 660 mu. A correction factor of I.O526 was
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applied to the determination to compensate for the one ml 
35used in the S counting.
3 53.7.5b Radio active S The sodium hydroxide solution
(l ml) removed for counting was added to a boros.ilicate 
counting vial with lp mis of a scintillation phosphor 
consisting of naphthalene (lOOg), 2,5 diphenyloxazole (5g)> 
methanol (200 ml) and 1, 4 dioxane (800 ml). The samples, 
after storage in the dark over night were counted in a 
Beckman CPM - 100 liquid scintillation counter using the 
4 window (Blair and Crofts, 1969).
Standards and blanks were included in every run and 
all results were expressed on an oven dry basis and in 
terms of these standards thus allowing for radio active 
decay.
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4 Estimation of Inorganic Sulphate in Soil Extracts
4.1 Introduction
Study of the chemical nature of soil sulphur has long 
been hampered by difficulties in distinguishing between 
organic and inorganic sulphate forms in soil extracts. 
Reduction of soil or extracts with hydriodic acid by the 
procedure of Johnson and Nishita (1952) does not distinguish 
between inorganic and organic sulphates5 and is therefore 
not specific for inorganic sulphate.
Various methods have been used for determining 
water-soluble sulphate in soil, and the most frequently 
used are turbidimetric (Chesnin and Yien, 19505 Bartlett 
and Neller, i960) and reductive methods (Freney, 1958b). 
However, water will not extract all of the plant-available 
inorganic sulphate from soil, especially adsorbed sulphate. 
Extractants that will displace sulphate ions, such as 
hydroxyl and phosphate solution, are therefore required 
to enable a fuller assessment of the plant-available 
sulphate.
Most extractants dissolve appreciable amounts of 
organic matter, and therefore, a method is required which 
will separate organic and inorganic sulphate. The method 
proposed by Lowe (1966) for separating organic and inorganic 
sulphates present in water, sodium chloride, phosphate
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buffer, and sodium hydroxide extracts by gel filtration 
(Sephadex G25)j while probably being satisfactory is 
lengthy and unsuitable for large scale routine analysis 
of soil extracts.
In this investigation an attempt has been made to 
determine the amount of inorganic sulphate present in 
sodium pyrophosphate (pH 7*0)> chelating resin, sodium 
bicarbonate-carbonate and sodium hydroxide extracts of 
soil in order to enable further studies on the chemical 
nature of the sulphur compounds extracted by these 
reagent s.
4.2 Results and Discussion.
Chelating resin was chosen as a test extractant since 
it is known to disperse clay minerals (Edwards and 
Bremner, 1 9&7 ) which could possibly interfere in the 
removal of organic sulphur and in the final inorganic 
sulphate determination.
Several procedures were used in attempting to remove 
all of the reducible organic sulphur without loss of 
inorganic sulphate. The procedures examined were:- 
(a) Ferric hydroxide precipitation as used by Hesse (1957) 
which did not remove all of the colouring matter from the
extracts and was therefore discarded.
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(b) A large portion of the organic matter -was removed 
by adjusting the pH of the extract of 1 and then filtering 
through a Whatman No. 42 filter paper. The remaining 
colouring matter was removed by adsorption on charcoal.
The charcoal used for the adsorption of the colouring 
matter was B.D.H» activated charcoal powder, and was 
pretreated with 0.1N NaOH, water, 0.1N HC1, water, 0.2M 
KH^PO^, water, and then washed with acetone to help with 
the drying. After this treatment the charcoal appeared 
free of soluble sulphate.
The recovery of inorganic sulphate from aqueous 
solution after treatment with washed charcoal was examined 
using the following modification of Freney’s (1958b) 
method.
Eight ml of distilled water containing $0 , 25t 15 
and 0, (jg of sulphur as potassium sulphate was adjusted 
to pH 1 with hydrochloric acid and the volume adjusted 
to 10 ml with distilled water. Charcoal (0,2g) was added, 
stirred and left for 15 minutes and then filtered through 
a Whatman No. 42 filter paper. Sulphur was then determined 
by Freney's (1958b) method using a 2 ml aliquot and barium
acetate instead of barium chloride solution.
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Table 4.21 Recovery of inorganic sulphate added as
potassium sulphate to washed charcoal using 
a modified Freney (l958t>) procedure.
|jg of sulphur
Sulphate added Sulphur Recovered
10 10.2 10.3
5 5.2 5.4
3 3.4 3.2
0 0.2 0.2
The results (table 4.2l) indicate complete recovery 
of added sulphate and also that the pretreatment given to 
the charcoal was effective in removing most of the sulphate 
impurities.
Application of this procedure to resin extracts 
however resulted in only partial recovery of added sulphate. 
Ash determinations on the humic acid from these extracts 
were very high possibly due to clay which could have caused 
the low recoveries of sulphate through adsorption at pHl.
Seitz filtration as described by Freney (l950b) was 
examined and discarded as a method of removing the clay
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from the extracts, since the paper pads were found to 
contain large amounts of sulphur (probably sulphite or 
sulphate) •which could not be completely removed by washing 
with potassium dihydrogen phosphate solution.
Centrifugation of resin extracts at 10,.600 r.p.m. 
(l4,000g) for 30 minutes was insufficient to remove the 
highly dispersed suspension, ash values were very large 
in the precipitated humic acid (36 per cent) and higher 
speeds of centrifugation were examined. A speed of 
30,000 r.p.m. for 3 hours (l00 ,000g) reduced the ash 
component of the washed humic acid to 7*6 per cent and 
examination of the residue by X ray diffraction confirmed 
the presence of clay minerals especially kaolinite.
The identification of kaolinite in the residue of 
the high speed centrifuged resin extracts indicated the 
possibility of re-adsorption of sulphate in the low speed 
centrifuged extracts on acidification since kaolinite is 
known to adsorb sulphate under acid conditions (Berg 
and Thomas, 1939)«
Full recovery of added inorganic sulphate from high 
speed (30,000 r.p.m.), centrifuged resin extracts was 
achieved (table 4.22) indicating that no loss of sulphate 
occurred through adsorption at pHl. The results
(table 4.22) also suggest the level of inorganic sulphate 
was very small in these extracts.
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Table 4.22 Recovery of inorganic 
100 - chelating resin
pg of S
sulphate
extracts
from Chelex 
of three soils.
Soil Sulphate added *
Sulphur recovered 
from soil extracts
1 10.0 10.8 10.5
2 10.0 12.2 12.1
3 10.0 10.5 10.5
Blank 10.0 10.2 10.3
* per 2 ml aliquot of clarified soil extract.
Since the amount of sulphate was very small in the
extracts, 10 jjg of sulphur (as potassium sulphate)
was added to the system to provide centres for precipitation
(Barrow, 1967a). This was achieved by adding potassium
sulphate solution to the soil extract.
4.2.1 The estimation of inorganic sulphate in soil 
extracts.
The following procedure was adopted for the 
determination of inorganic sulphate in soil extracts:
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Acidify eight ml of a centrifuged (30,000 rp.m. 
for 3 hours) extract (l:5 soil extractant ratio) to pH 1 
in a 10 ml volumetric flask. Add 50 ug of sulphur as 
potassium sulphate and adjust the volume to 10 ml. Add 
0.2g of sulphate free charcoal, stir and leave for 15 
minutes, and then filter through a Whatman No. 42 filter 
paper. Take a 2 ml aliquot of the clarified extract and 
process as per Freney1s (1958b) procedure, using barium 
acetate solution (5 per cent) instead of barium chloride. 
Carry out blank determination in exactly the same manner.
In the case of sodium hydroxide, sodium bicarbonate- 
carbonate, and resin extracts the barium ion concentration 
used in Freney’s (1938b) method -was found to be sufficient 
for complete precipitation, but in the case of sodium 
pyrophosphate extracts the precipitation of barium 
pyrophosphate necessitated the addition of a further ml 
of barium acetate solution to complete the precipitation 
of both the sulphate and pyrophosphate ions.
Application of this method to pyrophosphate, resin 
and bicarbonate-carbonate extracts resulted in identical 
amounts of inorganic sulphate in all three extractants for 
the same soil (table 4.23). This ranged from 1 to 3 ppm 
of sulphur in the extracts of soils 3 and 2 respectively. 
However hydroxide extracts contained twice the amount of
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Table 4.23 Inorganic sulphate extracted from soil in
one hour by pyrophosphate, resin, bicarbonate- 
carbonate and hydroxide solutions.
ppm of S
Soil Bicarbonate- Pyrophosphate ResinHydroxide carbonate
sulphate present in the other extracts (4, 8 and 6 ppm 
of S for soils 1, 2 and 3 respectively). The results 
for the mild extractants were very similar to the 
hydriodic acid-reducible sulphur present in mono calcium 
phosphate extracts of the soils (2, 4 and 4 ppm of sulphur 
for soils 1, 2 and 3 respectively).
As the amount of hydriodic acid-reducible sulphur 
in mono calcium phosphate extracts of these soils was very 
similar to the amount of inorganic sulphate removed from 
the soils by the mild extractants (pyrophosphate, resin
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and bicarbonate-carbonate), these values probably represent 
the total water-soluble and adsorbed sulphate forms present 
in these soils.
4.3 Summary.
The proposed method using high speed centrifugation, 
charcoal treatment, Freney’s (1938b) precipitation 
procedure, and reduction of the barium sulphate to hydrogen 
sulphide by hydriodic acid (Johnson and Nishita, 1932) 
enabled reproducible results to be obtained for inorganic 
sulphate in extracts produced by shaking soil with sodium 
pyrophosphate solution at pH 7*0 > chelating resin and 
water, sodium bicarbonate-carbonate solution buffered at 
pH 10.2 and sodium hydroxide solution for one hour.
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5 An Evaluation of a Raney Nickel Reduction 
Procedure for the Estimation of Sulphur 
Bonded to Carbon in Soil
5.1 Introduction
As previously indicated the importance of organic 
sulphur compounds in soil in providing sulphur for 
plant nutrition by the process of mineralization 
emphasises the need to estimate the forms of organic 
sulphur in soil and determine their chemical nature.
Recent "work suggests organic sulphur can be 
divided into two distinct fractions:
(i) Organic sulphur directly bonded to carbon and 
reducible to inorganic sulphide with Raney nickel 
(Lowe and Delong, 1963)» and
(ii) Organic sulphur that is not directly bonded to 
carbon and is not reduced to .inorganic sulphide by 
Raney nickel, but is reduced to hydrogen sulphide by 
hydriodic acid (Freney, 1961).
Lowe and Delong (1963) proposed a method for 
determining sulphur bonded to carbon and claimed it 
should recover all forms of organic sulphur with the 
exclusion of fraction (ii), and alkyl sulphones. Their 
method involves the treatment of soil with Raney nickel 
catalyst, and this is achieved by heating soil, nickel - 
aluminium (l:l) alloy (referred to as alloy) and alkali
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in an atmosphere of nitrogen. The sulphide formed by 
the reduction is released from the nickel catalyst by 
acidification and determined as methylene blue (3.3.2b).
The application of this method to a range of 
Canadian soils indicated organic soils contained more 
of their total sulphur as sulphur bonded to carbon than 
mineral soils. In the mineral soils the sum of the 
Raney nickel and hydriodic acid-reducible sulphur 
fractions was less than the total soil sulphur.
The difference amounted to between l6 and 48 per 
cent of the total sulphur and the authors suggested 
there may have been conversion of carbon bonded sulphur 
to non-reducible forms during extraction.
A preliminary investigation of the method proposed 
by Lowe and Delong (1963) for the estimation of carbon 
bonded sulphur in soil, gave a small recovery of 
methionine sulphur from soil (36-97 per cent, Melville, 
1967). The reasons for this poor recovery were therefore 
examined, and attempts have been made to explain the 
reasons for the difference between the sum of the 
reducible fractions and the total soil sulphur.
5.2 Results and Discussion
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5.2.1 Recovery of added methionine sulphur from soil
Reduction of two contrasting mineral soils by the 
Raney nickel reduction procedure of Lowe and Delong (1963) 
in the presence of methionine sulphur resulted in most 
of the added sulphur being recovered from a podzolic 
soil (soil 2 tables 3.H» 3.12), but in the presence of 
the chocolate soil (soil 3) the recovery was only 35*6 
per cent from l60 ppm of added methionine sulphur, and
69.1 per cent from 320 ppm.
Oxidation of the soils with sodium hypobromite 
(Bremner, 1965a) to destroy the organic matter did not 
increase the recovery of methionine sulphur (table 5*2l). 
Tests with diphenylamine before attempting the recovery 
experiment on the oxidized soils, indicated all traces 
of the oxidizing agent had been removed by washing with 
distilled water and thus could not have affected the 
determination. These results suggest the source of the 
interference observed in the recovery of methionine 
sulphur from soil was probably of mineral rather than 
organic origin.
5.2.2 Effect of inorganic soil constituents
Full recovery of added methionine sulphur was 
obtained when 1.5» 13» 25 or 50 nig of kaolinite or
montmorillonite were substituted for the 100 mg of soil.
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Analyses of the solutions remaining in the digestion 
flask after completion of the reduction of soil showed 
significant quantities of iron, silicon, titanium, 
manganese, calcium, copper, chromium and vanadium were 
present (table 5*22). Iron, silicon, manganese, calcium 
and chromium in decreasing order were present in larger 
amounts in the digest solution of the chocolate soil 
than the podzolic soil. Oxidation of soils with sodium 
hypobromite prior to reduction by Raney nickel increased 
the iron content of the solutions after reduction by 10 
to 20 per cent, but had little or no effect on the other 
elements. It seemed likely that any of these elements 
could account for the difference observed in the recovery 
of methionine sulphur from the two mineral soils.
The effect of cations on the reduction of carbon 
bonded sulphur by Raney nickel was studied by adding 
calcium (as CaCl^) chromium (CrCl^), copper (CuCl^), 
iron (FeSO^, FeCl^ and ferric oxides), magnesium (MgCl^), 
manganese (MnC1o , MnO^), silicon (Na^SiO^), titanium 
(TiCl^) and vanadium (VSO^) within the ranges shown in 
table 5 .23 to pure methionine (32 14 g of s). The amounts 
of these elements added were selected to cover the range 
in which they would normally occur in soils.
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Table 5*22 Composition of solution remaining in the
digestion flask after reaction of soil with 
nickel-aluminium*alloy (Lowe and Delong 1963)
(ppm in soil)
Element Soil
Podzolic Chocolate
Iron 8,250 .6l,500
Silicon 800 4,000
Titanium <2,500 <2,500
Manganese 350 1,830
Calcium 350 1,500
Copper 1,000 1,050
Chromium 290 500
Vanadium <500 <500
*As nickel and aluminium were added in the alloy the 
solutions were not analysed for these two elements.
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Table 5*23 Effect of cations on the determination of 
sulphur bonded to carbon in methionine by 
the method of Lowe and Delong (1963).
Cations Range Studied Full or partial recovery
(mg) over the range examined
Calcium 0.04 - 50 Full
Chromium 0.001 - 21 Full
Copper 0.004 - 1 Full
Iron 0.004 - 43 Partial
Magnesium 0.05 - 30 Full
Manganese 0.011 - 33 Partial
Silicon 0.10 - 50 Full
Titanium 0.004 - 27 Full
Vanadium 0.02 - 0.30 Full
* See figures 5*24 and 5*25*
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Of the elements examined only iron and manganese 
interfered with the reduction of methionine sulphur 
using the Lowe and Delong5s (l9^3) procedure (table 5*23)
Amounts of ferric iron in excess of 6.3 mg and 
manganous ion in excess of 8,5 mS interfered seriously 
(figures 3*24 and 5*25). Addition of haematite, 
synthetic haematite, ferric oxide (B.D.H.) and limonite 
up to the equivalent of 33 mg of ferric iron (table 3*26) 
also reduced the recovery of sulphur, but to a smaller 
extent than soluble ferric iron (FeCl^). The difference 
between the oxides and soluble ferric iron (Fe Cl^) 
was probably due to differing rates of solution of the 
oxides and thus to different amounts of ferric ion in 
solution.
Manganese dioxide reduced the recovery of sulphur 
to a greater extent than did ferric iron or manganous 
ion (figures 3*24 and 3*23).
In order to indicate a possible mechanism for the 
interference, the effect of added iron and manganese, 
under varying conditions, on the reduction of methionine
sulphur has been studied (figures 3*24 and 3*25)»<
Ferrous iron added to the reaction flask at the 
beginning of the alkaline reduction affected the 
determination in the same manner as equivalent amounts
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Figure 5*24 Effect of iron on the determination of 
carbon bonded sulphur by nickel Aluminium 
alloy under alkaline reducing conditions 
(32 |lg S taken)
A Fe + + added after reduction 
£3 Fe + + added to de-aerated system 
before reduction 
f Fe++ added before reduction 
O Fe+++ added before reduction 
t s  Fe added after reduction
i(Sßrl) Q3ü3AOD3d ynH dlD S
9 6
Figure 5»25 Effect of manganese on carbon bonded 
sulphur determination under alkaline 
reducing conditions (32 ug S taken)
A Mn+ + added af ter reduction
X Mn+ + added before reduction
©  MnO^ added before reduction
(S OH) Q3M3A003a anH=nns
>N
ES
E 
A
D
D
E
D
 
(m
g)
98
Table 5*26 Effect of oxides of iron on the determination 
of carbon bonded sulphur in methionine by the 
method of Lowe and Delong (1963).
Oxide Iron Added Sulphur Determined
(mg Fe) (ms s )
Haematite 0 32
1 32
10.3 32
17.3 29. 8
35 29
Synthetic 0 32
Haematite
1 32
10.3 32
17.5 29
35 28.2
Ferric Oxide 0 32
(B.D.H.)
9 29
15 26.2
30 25
Limonite 0 32
9 29
15 23.4
30 24.2
* 32 'jjg of Methionine-sulphur
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of ferric iron (figure 5*24). However, if the solutions 
were degassed by evacuation before addition of ferrous 
iron the interference was markedly reduced (figure 5*24), 
When ferrous or manganous ions were added after the 
alkaline reduction but immediately before acidification 
to liberate hydrogen sulphide, full recovery of sulphur 
was obtained (figures 5*24 and 5*25) • Ferric iron 
(22.5 mg Fe) added at this stage of the procedure 
markedly affected the determination allowing only l4 per 
cent to be released as hydrogen sulphide. However, the 
same amount of ferric iron added at the beginning of 
the alkaline reduction released JO per cent of the 
methionine sulphur as sulphide. This means that the 
ferric iron interfered after the sulphur had been 
converted to nickel sulphide.
To determine whether the interference could be due 
to the formation of insoluble iron and manganese 
hydroxides, which could either occlude sulphur or 
poison the catalyst, attempts were made to reduce the 
sulphur under acid conditions.
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Acid reduction of methionine sulphur (32 pg S)
■with lg of alloy and 13, 20 or 30 ml of 6n hydrochloric 
acid added in 3 ml portions at 10 minute intervals 
reduced all of the sulphur to hydrogen sulphide within 
one hour (table 3 »27). On decreasing the alloy content 
to O.lg only 12.7 (lg of the 32 |lg of sulphur taken was 
accounted for in the determination (figure 3 *28).
Table 3*27 Effect of digestion time, and manner of
addition of 6n hydrochloric acid on sulphur 
determined by nickel-aluminium alloy (lg) 
under acid reducing conditions. 32 (lg S 
as methionine added
Volume and manner of addition Sulphur determined after 
of 6n hydrochloric acid digestion for 30» 60 or
(ml) 120 mins.
( m  s )
30 mins 60 mins 120 mins
*
10 1 . 6 4 . 8 4 . 6
*
5 + 5 l 4 . 4 16.3 ND
*
15 4 . 0 1 1 . 6 l 4 .6
*
5 + 5 + 5 l 6 .  1 3 2 . 3 ND
*
20 4 . 6 1 3 . 0 l 4 .9
*
5 + 5 + 3 + 3 ND 3 1 . 5 ND
*
30 5 . 0 1 4 . 8 1 4 . 8
*
5 + 5 + 3 + 3 + 5 + 5 ND 32.0 ND
* Added in one addition at the commencement of heating; 
the subsequent 5 ml additions were added at 10 minute 
intervals.
ND not determined.
101
The amount determined was decreased even further 
by the addition of ferric and manganous ions (figure 5 .28). 
Interference from ferric ions was still marked if lg of 
alloy and 15 ml of acid were used, but complete recovery 
of sulphur was obtained in the presence of ferric and 
manganous ions on increasing the acid content to 30 mis 
(6 x 5ml; figure 5 *28). Apparently it is necessary to use 
a large amount of alloy and to add the acid slowly in 
order to provide a continuous supply of hydrogen to 
reduce the sulphur and overcome interference. Acid 
reduction of the chocolate soil for one hour released 
hydrogen sulphide equivalent to 45 ppm of sulphur in the 
soil compared with 33 ppm by Lowe and Delong’s (1963) 
alkaline reduction procedure.
Under alkaline reducing conditions it was found that 
iron and manganese interference in the presence of 
methionine sulphur could be eliminated either by 
increasing the amount of catalyst used or by increasing 
the amount of hydrogen on the catalyst (table 5*29).
When 0 .3g of alloy was activated at 80°C and heated 
in the presence of ferric iron and methionine sulphur 
(32 Ug), 29 pg of sulphur was determined as sulphide and 
the remaining 3 ^g of sulphur was recovered from the 
digestion flask as sulphate.
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Figure 5*28 Effect of iron and manganese on the 
determination of sulphur by nickel 
aluminium alloy under acid reducing 
conditions (32 Ug S taken)
X Mn++ , lg alloy, 6x5 ml additions of acid
o Fe+++, lg alloy, 6x5 ml additions of acid
0 Fe+++, 3-g alloy, 3x5 ml additions of acid
A Mn+ + O.lg alloy, 3x1 ml additions
of acid
D Fe + + + O.lg alloy, 3x1 ml additions
of acid
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Table 5*29 Effect of iron, manganese, amount of alloy 
and temperature of preparation of the 
catalyst on the determination of carbon 
bonded sulphur (32 |lg of sulphur as 
methionine taken)
Wt. Alloy 
Taken 
(g)
Catalyst
preparation
temperature
(°C)
Sulphur Determined
(og s)
No metal 
ions added
3.3 nig 
Mn+ + 
added
16.8 mg 
Fe + + + 
added
0.1 80 26 17 6
0.1 30 29 24 8
0.2 80 32 32 22
0.2 30 32 32 . 29
0.3 80 32 32 29
0.3 30 32 32 32
0.4 80 32 32 32
0.4 30 32 32 32
7T O OCatalyst prepared at 80 and >^0 C contain approximately 
40 and 120 ml hydrogen per gram of catalyst (Mozingo 
et al. 1943).
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5.2,3 Effect of temperature on the reducing efficiency
Activation of alloy with sodium hydroxide depends 
upon temperature which controls the amount of hydrogen 
held as nickel hydride. Mozingo et al. (1942) reported
that alloy activated at 80 and 5 0°C contained 40 and 
120 ml of hydrogen per gram of catalyst respectively. 
Consequently the efficiency of the reductant is directly 
related to temperature.
Reduction of 32ug of methionine sulphur required 
0.2g of alloy activated at 80°C while O.lg activated 
at either 50°C or 80°C reduced 91 and 81 per cent of 
the methionine sulphur respectively (table 5*29), The 
difference in activity of the catalyst is shown by the 
results where ferric iron was added (table 5*29). More 
sulphur was reduced and determined as sulphide by the 
50 than 80°C activated catalyst.
Various heating rates were examined by using 
electric heating mantels and varying the voltage to give 
final temperatures of 45 to 100°C in the reaction flask 
after 30 minutes. In the presence of ferric iron (l6.8 
mg), 0.3g of alloy, and a final temperature of 
approximately 82°C gave full recovery of added methionine- 
sulphur (32 (jg of s). While O.ljjof alloy under the same 
heating conditions recovered only 38 per cent.
io 6
5.2.4 Effect of the amount of alloy
Increasing the amount of nickel-aluminium alloy from 
0.1 to lg under alkaline conditions in the presence of 
the chocolate soil (O.lg) increased the amount of sulphur 
determined, but further increases in alloy had no effect 
(table 5.30). Similar increases were observed with five 
other widely different soil types. In the presence of 
soil extracts (0.21N NaOH) a maximum was reached at 
0.2g of alloy.
Table 5*30 Determination of carbon bonded sulphur in 
the chocolate soil as affected by amount 
and type of catalyst
Weight of alloy (g)
Catalyst 0.1 0.3 0.5 1.0 1.5 2.0
(ppm S)
Alloy+ 33 52 67 73 73 73
Activatedcatalyst* 32 52 70 73 73 73
Granatelli (1959)
+ extra alkali added in each case to react with 
increased alloy
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Preactivation of the alloy (Granatelli, 1959) in 
order to maintain a constant amount of alkali in the 
flask -with increasing amounts of catalyst yielded similar 
results to the alloy plus alkali (table 5 *30). In both 
cases with l.Og of alloy the sulphur determined was 121 
per cent higher than that determined with O.lg of alloy.
5.2.5 Effect of alkali concentration
Increasing the amount of alkali above that required 
to dissolve the aluminium, increased the amount of 
sulphur determined in the presence of soil (table 5»3l)» 
For example, when lg of alloy was used in the presence 
of soil (O.lg) and up to 20 mis of 5 per cent sodium 
hydroxide solution added, increased amounts of sulphur 
were determined, above 20 ml there was no change (table
5 .31).
The alkali concentration also markedly affected 
the determination of carbon bonded sulphur in soil 
extracts (table 5«32). The largest increase (40 ppm) 
was obtained with a six hour extract (0.21N NaOH 1:300 
soil extract ratio) of a krasnozem soil when an extra 
15 ml of 5 per cent sodium hydroxide solution was added. 
With a fixed amount of extra alkali, the volume of the 
solution in the digestion flask was varied from 35 to
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5.31 Effect of increasing alkali and time of 
reduction on the sulphur determined by 
Raney nickel reduction on the chocolate soil
(soil 3)
(ppm S)
Alkali 
mis of
Time (hr. )
5$ NaOH 12 2 3 6
15.0 39 78 83 94
18.5 73 90 100 100
20.0 77 93 101 100
25.0 76 93 100 100
30.0 76 93 100 100
33.0 76 93 100 101
lg of alloy and the system acidified with 30 mis of
1:1 HC1
50 ml for a podzolic soil, or from 40 to 50 ml for the 
chocolate soil, by addition of -water, and this resulted 
in no change in the amount of sulphur determination.
5.2.6 Effect of reduction and extraction times
Increasing the reduction time from 30 minutes to 
18 hours increased the Raney nickel-reducible sulphur 
determined in the chocolate soil from 4-2 to 84 ppm of 
sulphur with 0.3g of alloy and a maximum value of
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Table 5»32 Effect of increasing the amount of
alkali on the determination of carbon 
bonded sulphur in soil extracts
(ppm S)
Soil Extracted Volume of Alkali Added (ml)
0 5 10 15 20
Chocolate 86 96 115 115 115
Podzolic 122 144 l44 144 144
Krasno zem 136 149 l60 176 176
30 ml of 6 hr sodium hydroxide extracts, 0.3g alloy, 
30 minutes reduction
100 ppm was obtained with lg of alloy after three hours 
(tables 5.31 and 5-33).
Varying the amount of alkali from 15 to 35 ml in 
the presence of lg of alloy increased the sulphur 
determined. Increasing the time of reduction also 
increased the sulphur determined to a maximum value of 
100 ppm (tabie 5»3l)*
In an endeavour to reduce iron and manganese 
interference , soil was extracted with sodium hydroxide 
solution for various time intervals under similar 
conditions to those operating in the digestion-
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Table 5»33 Effect of reduction time and catalytic 
conditions on carbon bonded sulphur 
determined in the chocolate soil
(ppm S)
Catalytic conditions Reduction time (hrs)
0.3 1 2 3 6 13 18
0.3 alloy + 5 ml NaOH 52 56 66 76 80 83 84
l.Og alloy + 18.3 ml ^
NaOH 73 81 90 100 100 100 100
* 3 per cent sodium hydroxide solution
distillation unit of Love and Delong’s (1963) method,
[i.e. soil (O.lg) was heated under nitrogen with 23 mis 
of water and 5 mis of 3 per cent sodium hydroxide 
solution and then filtered through a Whatman No.42 
filter paper]. Total sulphur determinations indicated 
that 264 of the 268 ppm of sulphur was extracted within 
six hours from the chocolate soil, and extending the 
extraction time to 18 hours did not result in increased 
extraction (table 3»34). When these sodium hydroxide 
extracts were analysed for Raney nickel-reducible sulphur, 
the maximum value was always obtained after six hours of
extraction. The maximum value obtained with the extracts
Ill
Table 5 *3^ Effect of extraction time and catalytic 
conditions on carbon bonded sulphur in
.g.sodium hydroxide extracts of the 
chocolate soil
t
(ppm S)
Catalytic conditions Extraction Time (hr s)
0 . 3 1 2 3 6 13 18
0.3g alloy 62 68 82 86 86 86 86
l.Og alloy + I8.3 ml 
NaOH**
-3'00 88 96 100 100 100 100
Total sulphur 146 204 223 240 264 264 264
* O.lg of soil heated with 23 ml of water and 3 ml of 
3 per cent sodium hydroxide solution and filtered
* * 3 per cent sodium hydroxide solution 
Reduction time was 30 minutes
was the same as that obtained directly on the soil, but 
higher values were obtained with extracts during the 
first two hours (table 3*3^)•
3 .2 . 7  Reactivity of different sulphur compounds
A number of organic and inorganic sulphur compounds 
were examined for reduction by Raney nickel to inorganic 
sulphide (table 3 *3 5 )» While a large number of organic
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Table 5*35 Reduction of sulphur in various sulphur 
compounds by the Raney nickel reduction 
procedure
(p& s)
Sulphur Sulphur Apparent carbon
Compounds Grouping bonded sulphur 
(32 pg S taken)
Elemental sulphur S8 32
Sodium thiosulphate S2°3= 32*Sodium dithionite- S2V 18
Sodium metabisulphite S2°5 = 32*Sodium sulphite S°3 31
Sodium sulphate U) o ■£*
II 0
Potassium thiocyanate SCN~ 32
*Sulphamic acid N - S O _3 14
Allyl isothiocyanate -NCS 31
Diphenyl thiocarbazone C=S 31
Thioacetamide C=S 32
Methionine -C-S-CH3 32
* Oxygen removed from water by evacuation before addition 
of chemicals
(continued on p. 113)
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Table 5. 35. (llg S)
Sulphur
Compounds
Sulphur
Grouping
Apparent carbon 
bonded sulphur 
(32 US S taken)
Methionine sulphoxide -C-S0~CHo 32
Methionine sulphone -c -s o 2~c h 3 0
Cystine - c - s - s - c - 32
Cysteine sulphinic acid -C-SO-OH 32
Cysteic acid -C-S02-0H 0
Cysteine S-sulphonate -C-S-S02-0- 32
Taurine -C-S02-0H 0
Toluene p-sulphonic
acid -C-S02-0H 31
1.2 Naphthaquinone -4- 
sulphonic acid
-C-S02-0H 32
Heparin -C-0-S02-0H 1
sulphur compounds were reduced the sulphur bonded to 
carbon in methionine sulphone, cysteic acid and taurine 
was not reduced. In addition, Raney nickel reduced the 
sulphur in many inorganic compounds, (elemental S, 
thiosulphate, dithionite, metabisulphite, sulphite, 
thiocyanate, sulphamic acid and isothiocyanate) and also 
the sulphur in cysteine -S-sulphonate, which is not 
bonded to carbon. However it did not reduce inorganic
Ilk
sulphate or the ester sulphate groups of heparin. 
Therefore, Raney nickel reduces inorganic sulphur, 
sulphur bonded to nitrogen, disulphide groups, and 
sulphur bonded to carbon with the exception of aliphatic 
sulphones and aliphatic sulphonic acids. Apparently 
Raney nickel will not reduce all carbon bonded sulphur 
compounds to inorganic sulphide.
5.2.8 Carbon bonded sulphur in soil
Assuming the hydriodic acid method (Freney, 1961) 
determined all of the sulphur in soil which was not 
bonded to carbon, then the difference between total 
soil sulphur and hydriodic acid-reducible sulphur would 
be a measure of the total carbon bonded sulphur.
In order to determine the total hydriodic acid- 
reducible sulphur, soil was treated with hot 40 per 
cent hydrofluoric acid to release any sulphur that may 
be protected by silicates from reaction with hydriodic 
acid. In most cases this treatment had very little 
effect on the level of hydriodic acid-reducible sulphur 
present in the soil (table 5*36). The average percentage 
of hydriodic acid-reducible sulphur increased from 47 
per cent to 53 per cent of the total soil sulphur after 
the hydrofluoric acid treatment. Therefore the values
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in table 5 *3  ^ columns 5 and 6 must be close to the true 
value for the total carbon bonded sulphur in these 
soils. Values obtained by Lowe and Delong’s (1963) 
method accounted for a mean of 12 per cent instead of 
the calculated value of 50 per cent of the total soil 
sulphur (table 5 *36). Even when interference due to 
iron and manganese was apparently overcome and optimum 
conditions for the determination used, only 30 per cent 
of the total soil sulphur was determined (table 5.36). 
However in some cases (e.g. Humic gley soil, Red 
podzolic soil and yellow podzolic soil l) the value 
determined agreed with the calculated value. However 
when methionine and cystine were added to soil or 
extracts and reduced under optimum conditions, full 
recovery was not obtained (91.5; 90*0; 89.0 per cent
respectively). Addition of disodium ethylene diamine 
tetra acetate (2mM) to the soil extracts prior to 
reduction allowed full recovery of added methionine 
sulphur to be obtained and this resulted in a three 
per cent increase in the value for Raney nickel- 
reducible sulphur in the chocolate soil extract and no 
increase in the case of a black earth and krasnozem
soil extract.
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5.3 Summary
Since iron and manganese interfered under both 
acid and alkaline reducing conditions, the interference 
does not seem due to the formation of insoluble iron 
and manganese hydroxides occluding or protecting the 
carbon bonded sulphur from reduction.
Ferrous iron interference could be reduced by 
removal of oxygen from the solutions, and all 
interferences in pure solutions were overcome by 
increasing the weight of alloy or the amount of hydrogen 
on the catalyst. This suggests the interference was 
caused by the element's capacity to act as an oxidizing 
agent.
In the presence of interfering elements in pure 
solutions, methionine sulphur could be recovered fully 
either as sulphide or sulphate. The addition of these 
elements after the alkaline reduction phase markedly 
enhanced the interference indicating these elements 
probably oxidized some of the sulphide and so reduced 
the amount of sulphur determined as hydrogen sulphide 
on acidification.
Manganese dioxide apparently interfered by 
producing manganic ions and chlorine gas by reaction
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with hydrochloric acid which oxidized the sulphide to 
sulphate. Manganous ions may also interfere through 
oxidation and the production of manganic ions on 
acidification of the system by the following reactions:*
Mn++ + iC>2 + H20 ^=± Mn02 +2E+
Mn02 + 4li+ Mn+ + + + 2H20
The interference by manganous and ferrous ions 
added before the alkaline reduction was apparently 
due to oxidation caused by dissolved oxygen in the 
solutions. This interference was overcome by increasing 
the reducing power of the catalyst. Increasing the 
amount of alloy in an attempt to overcome iron and 
manganese interference increased the amount of sulphur
Idetermined in a number of soils. The value for carbon 
bonded sulphur was increased even further by increasing 
the reaction time or by extracting the soil sulphur 
with sodium hydroxide before carrying out the reduction.
Acid reduction of the chocolate soil determined 
only 56 per cent of the amount determined by alkaline 
reduction under optimum conditions, and this probably 
reflects the solubility of the sulphur compounds under 
alkaline conditions. Thus it appears sulphur compounds 
in soil will only react with the Raney nickel catalyst
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if they are dispersed or in solution. This is in 
agreement •with the conclusion of Bonner and Grimm (1966) 
•who state the sulphur compounds must be in close 
proximity to the catalyst surface before reduction can 
take place.
In addition, alkali concentration appeared important, 
but even when all variables were adjusted to obtain an 
optimum level a discrepancy still occurred between the 
determined and calculated values for carbon bonded 
sulphur in soil.
It is apparent from the study on the reducibility 
of various sulphur compounds that this method will not 
reduce the sulphur bonded to carbon in aliphatic 
sulphones or aliphatic sulphonic acids (such as 
methionine sulphone and cysteic acid) to inorganic 
sulphide. Thus if these or similar compounds occur 
in soil they will not be determined by this method.
It is also important to note the Raney nickel reduction 
procedure will determine the sulphur in a range of 
inorganic sulphur compounds as well as carbon bonded 
sulphur. However, apart from elemental sulphur recently 
added to soil as fertilizer it is unlikely that 
appreciable quantities of these inorganic forms will
be found.
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It is well known that sodium hydroxide can cause 
changes in organic sulphur compounds (Tarbell and Harnish, 
1951; Swan, 1957; Savige and Maclaren, 1966) and these 
changes may occur during the extraction of sulphur from 
soil before it can react with the nickel catalyst. For 
example, cystine may be converted to cysteic acid, 
cystathionine, cysteine-S-sulphonate and other sulphur 
compounds by reaction with sodium hydroxide (Savige and 
Maclaren, 1966). Cysteic acid was not reduced to 
inorganic sulphide by Raney nickel, while cystine was 
completely recovered if reacted with Raney nickel in 
the presence of alkali (table 5*35)* Boiling cystine 
or methionine and alkali under nitrogen before the 
addition of alloy had very little effect on the recovery 
of the added sulphur (97 per cent), but where soil, 
cystine or methionine and alkali were boiled before the 
addition of alloy only 91«5 per cent of the added 
sulphur was recovered. This suggests interfering 
substances were still present. Full recovery of added 
methionine sulphur from soil extracts was achieved by 
adding disodium ethylene diamine tetra acetate (2mM), 
but the total reducible sulphur increased by only three 
per cent in the extract of the chocolate soil and showed 
no change in a black earth and krasnozem soil extract.
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Clearly the Raney nickel method as proposed by 
Lowe and Delong (19^3) for the determination of carbon 
bonded sulphur in soil has many deficiencies. Currently 
there appears to be little hope of remedying this 
situation until a method can be developed for extracting 
all of the sulphur from soil in an unchanged condition.
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6 Extraction and Chemical Nature of Soil Sulphur 
6.1 Introduction
Much of the sulphur in mineral soils is present 
as organic sulphates (Freney, 1961; Lowe, 1964) while 
in organic soils most of the sulphur occurs either as 
organic sulphates or carbon bonded sulphur (Lowe, 1964). 
Organic sulphates, however, are known to be hydrolysed 
by acid and alkali (2.1.2a). For studies of the 
chemical nature of the organic sulphur in soils it 
would seem desirable to choose an extractant which is 
likely to cause no change, or at least a minimum of 
change, in the chemical nature of the material extracted, 
and to this end the suitabilities of various mild 
extractants were studied. In particular the mechanism 
of extraction of the hydriodic acid-reducible sulphur 
was examined in detail. Changes in sulphur fractions 
taking place during the extraction of soil and on 
subsequent storage of the extracts were measured so 
that any changes in the proportion of hydriodic acid- 
reducible sulphur occurring in high and low molecular 
weight compounds could be assessed.
Reagents or procedures examined were:- 
(a) Chelating resin, for which advantages over soluble 
complexing agents and sodium hydroxide have been claimed
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(Bremner and H o 5 1961; Yuan, 1964), and which has been
shown to extract sulphur fractions in similar proportions 
to those present in soil (Melville, 1967).
(b) Sodium bicarbonate solution at 90°C as used by Lowe 
and Delong (1961) for the extraction of organic sulphur;
(c) Sodium pyrophosphate solution at pH 7» and 0.5N 
sodium hydroxide solution which are commonly used for 
the extraction of soil organic matter (Bremner, 1965b; 
Mortensen, 1965)» and
(d) Alkaline extractants in conjunction with an
ultrasonic treatment. Alkaline aqueous-acetylacetone 
solutions with ultrasonic disintegration extracted 85 - 
100 per cent of the sulphur from some Scottish and 
Canadian soils (Halstead et al. 1966).
6.2 Results 
6.2.1 Soils
Soils 1, 2 and 3 (tables 3 « H  and 3*12) were 
examined.
Organic sulphur determinations indicated at least 
98 per cent of the total sulphur in each of the soils 
was organic. The remaining small amount of sulphur 
being inorganic sulphate (table 6.2l). No sulphide
could be detected in these soils.
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6.2.2 Extraction
(a) Chelex 100 - chelating resin
A limited amount of sulphur was extracted from 
the three soils by resin in the one hour shaking period 
as used by Yuan (1964) for the extraction of organic 
carbon and nitrogen (table o.2l). A greater percentage 
of the total sulphur -was extracted from soil 1 than 
from the other two soils, but the maximum amount of 
sulphur extracted amounted to only 24.1 per cent of 
the total soil sulphur.
Additional sulphur was extracted from all soils 
•when the extraction time was extended (up to a mean of 
37.6 per cent of the total soil sulphur in 12 days), 
although the rate of extraction decreased (table 6.22).
Increasing the resin: soil ratio above the 3 '• 10 
ratio used by Yuan (1964) and shaking for a period of 
164 hours (Melville, 1967) increased the amount of 
sulphur extracted. These increases were from 80 ppm 
with 3g of resin per 10g of soil to ll4 ppm with 10g 
of resin per 10g of soil for soil 2 and from 66 ppm to 
115 ppm for soil 3 (table 6.23). The increase in the 
resin:soil ratio also increased the pH of the extracts 
(table 6.23). The pH of the resin - water mixture was
10.2 for 3g of resin and 11.4 for 10g of resin.
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Effect of increasing the resin : soil
ratio on the extraction of sulphur from 
soil, and on the pH of filtered extracts
Wt. of 
res in
(g)
Vt . of 
soil 
(g)
Soil 2 Soil 3
ppm S pH ppm S pH
3 10 80 8 . 2 66 7.6
3 10 1 0 0
-d-co 8 0 7.7
7.3 10 113
vo•CO 89 7.8
10 10 ll4 ovCO 113 8.3
* 30 - 100 mesh resin (Chelex 100) 48 ml water s ha ke n
for l64 hours.
The effects of pH of the extracting media on the 
relationship between the cations both in solution and 
on the resin (30 - 100 mesh) and the amount of sulphur 
extracted were examined by extracting soils with resin 
at an initial pH of 7*0 and 10.2 for one hour. Before 
extraction, the soil was ground to pass through a 130 
mesh sieve then mixed with resin which passed through 
a 30 mesh sieve but was retained by a 100 mesh sieve so 
facilitating subsequent separation. Cations were eluted 
from the recovered resin with 1 N hydrochloric acid, 
and the eluates plus the aqueous extracts were analysed
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for iron, aluminium, manganese, magnesium and calcium
(table 6.24).
Generally, more cations were extracted at pH 10.2 
than at pH 7*0 (table 6.24) but the increase in the total 
amount of cations both in solution and on the resin at 
the higher pH (10.2) was not proportional to the amount 
of sulphur extracted. For example., for soil 2, the 
amount of cations extracted increased from 413 to 376 
ppm (table 6.24), an increase of less than 30 per cent, 
whereas the amount of sulphur extracted increased from 
11 to 33 ppm, an increase of more than 200 per cent.
Mesh size of the resin was also found to influence 
the extraction of soil sulphur (table 6.23). The sulphur 
extracted by 100 - 200 mesh resin was 43, 43 and 73 per 
centi greater than that extracted by 30 - 100 mesh within 
one hour for the three soils respectively. This difference 
in the amount of sulphur extracted probably reflects 
either the relative ability of the two mesh sizes to 
chelate due to their different surface areas, or to the 
rate of sodium ion release from each of the resins,
131
and so influencing the alkalinity of the extracting media.
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Table 6.25 Sulphur extracted by shaking soil and 
water for one hour with 50 - 100, and 
100 - 200 mesh chelating resin
pptn S
Soil 
No .
50-100 100-200 Increased extraction by 
100 - 200 mesh 
per cent
1 28 4o - 43
2 35 50 43
3 20 35 75
The ability of the two different mesh sizes to 
release sodium ions and consequently change the alkalinity 
of the solution, which is the result of the sodium resin 
being a salt of a weak acid and a strong base, was 
determined by titrating a water-resin suspension to 
pH 7*0 with IN HC1 using a recording titrator (Radiometer 
type TTT lc). The rate of sodium ion release from 100 - 
200 mesh resin was apparently greater than that of 50 - 
100 mesh. Within one hour 1,2 m eq. of hydroxide were 
titrated from the 50 - 100 mesh resin compared with 2.65 tn 
eq. from the 100 - 200 mesh resin.
Titration curves showed that the end point (where 
the rate of change in pH with added acid reached a 
maximum) for the 100 - 200 mesh was at approximately
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pH 7*0) but for the 50 - 100 mesh resin the pH ranged 
from 9*0 to 4.5, probably due to the slower rate of 
sodium ion release from the resin beads. The variation 
in the amounts of sulphur extracted with the different 
mesh sizes was thus most probably related to the amounts 
of alkali produced rather than to chelation.
Therefore, pH has a considerable effect on the 
release of soil sulphur and the question arises whether 
pH rather than chelation is the controlling factor.
Extraction of sulphur from the chocolate soil (3) 
was related to pH as a bicarbonate-carbonate extract 
buffered at pH 10.2 extracted 105*5 ppm of sulphur, while 
the resin extract (pH 7*6) only contained j6 ppm of 
sulphur after 12 days of shaking (table 6.22).
To compare the relative importance of pH and 
chelating ability, samples of soil 3 were extracted with 
resin for 12 days. In half of these samples the pH of 
the system was adjusted from 7*6 after 12 days of 
shaking to 10.2, and maintained near 10.2 for 24 hours 
by means of an automatic titrator. This treatment- 
resulted in an additional 35 ppm of sulphur being 
extracted. This increase of 35 ppm in 24 hours contrasts 
sharply with 5 ppm released over the previous 11 days 
when the pH of the system was near 7*6
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An attempt was made to recover the resin from soil 
by sieving and floatation, but of the original 3g 
added, only 1,4g could be recovered. This resin could 
still sequester 0.33m eq. of calcium ion indicating its 
chelating capacity was not saturated. However, to 
ensure adequate chelating activity in another experiment, 
after shaking soil for 12 days in the presence of 100 - 
200 mesh resin a further 3g of resin previously 
equilibrated to pH 7«0 was added and the shaking 
continued for a further 2k hours. On analysing the 
extracts no increase in total sulphur had occurred due 
to the additional resin and the further 2k hours of 
shaking suggesting that pH rather than chelating 
ability of the resin had limited the extraction of soil 
sulphur.
(b ) Sodium pyrophosphate solution at pH 7.0
Extraction for one hour with sodium pyrophosphate 
solution (O.IM) at pH 7*0 released from 29 to 42 ppm 
of sulphur from the soils studied. This represented 
l4.2 to 17.3 per cent of the total soil sulphur. A 
greater percentage of the total sulphur was extracted 
from soil 1 than soils 2 and 3 (table 6.2l).
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(c ) Sodium bicarbonate - carbonate solution at 
pH 10.2
Extraction for one hour with sodium bicarbonate - 
carbonate solution buffered at pH 10.2 extracted 
between 43 to 63 ppm of sulphur from the soils studied. 
This represented 1.8.3 to 24.1 per cent of the total soil 
sulphur (table 6 .2l).
A suspension of resin (lOO - 200 mesh) in 
bicarbonate - carbonate solution at pH 10.2 extracted 
the same amount of sulphur from soil as bicarbonate - 
carbonate solution alone, further indicating that 
extraction of soil sulphur by the resin was determined 
by pH rather than chelation.
(d ) Sodium hydroxide solution at pH 12.6
Sodium hydroxide solution (0 .5N) which is commonly 
used to extract soil organic matter was used as a 
reference treatment. Extraction at 20°C for one hour 
brought 68 to 113 ppm of sulphur into solution and 
this represented between 28 to 43 per cent of the total 
soil sulphur in soils 3 and 2 respectively (table 6 .2l). 
Thus, as a means for extracting soil sulphur, sodium 
hydroxide has a distinct advantage over milder reagents.
For the extractants studied, the amount of sulphur 
extracted in each case depended upon the alkalinity of
136
the reagent and on the time of extraction. At 12 days 
the sulphur content of the extracts was double that of 
the one hour extracts (table 6.21 and 6.22).
Extraction efficiency for a given time was Na^P^O^ 
<resin< NaHCO -Na CO <NaOH. The pH of the aqueous 
extractants did not change significantly, whereas the 
resin suspension was 10.2 initially and decreased during 
the extraction. The sequence given above reflects 
essentially the pH sequence.
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6.2.3 Chemical Composition of Extracts
The nitrogen:sulphur ratios for the organic 
matter extracted by the alkaline and neutral reagents 
•were considerably less than the N/S ratios of the 
original soils, indicating sulphur had been more 
easily extracted from soil than nitrogen (tables 6.21 
and 6.22) .
(a) Reducible sulphur
Hydroxide extracted more hydriodic acid-reducible 
sulphur than the other extractants and, in general, 
pyrophosphate extracted less (table 6.26). In addition, 
in one hour, hydroxide appeared to extract reducible 
sulphur to a greater extent than the other sulphur 
fractions. This can be readily seen from a comparison 
of the figures obtained when reducible sulphur is 
expressed as a percentage of the total sulphur in 
soils and extracts (table 6.26). The percentage of 
reducible sulphur in extracts was closer to the values 
of the original soil when the extractions were continued 
for 12 days.
(b) Humic and fulvic acid sulphur
As outlined in the methods section (3»5»2), the 
acid soluble sulphur fraction in all of the extracts is
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termed ’fulvic acid’ sulphur and the corresponding 
insoluble fraction is referred to as ’humic acid' 
sulphur.
The relative amounts of these two fractions in 
soil are unknown, and it is difficult to draw firm 
conclusions from the absolute amounts and relative 
proportions of these two fractions in the extracts 
since they differed from extract to extract (table 6.27). 
Of the one hour extracts, hydroxide contained more 
humic and fulvic acid sulphur than the other three.
The other alkaline extracts, resin and bicarbonate- 
carbonate, contained similar amounts of humic acid 
sulphur, and the extracts with soluble reagents, 
pyrophosphate and bicarbonate-carbonate, contained 
similar amounts of fulvic acid sulphur. Pyrophosphate 
extracts contained small amounts of humic acid sulphur 
and resin extracts were very low in fulvic acid sulphur. 
The humic acid sulphur/fulvic acid sulphur ratios 
varied widely, being on the average, 0.60, 1.17? 1.39
and 3.23 for the one hour pyrophosphate,bicarbonate- 
carbonate, hydroxide and resin extracts respectively 
(table 6.27).
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No change occurred in the humic and fulvic acid 
sulphur fractions when one hour pyrophosphate, resin, 
and bicarbonate-carbonate extracts were stored at 20°C 
for 12 days. The appropriate figures for the resin 
and bicarbonate-carbonate extracts are given in 
tables 6.28 and 6.29. However, changes did take place 
■when sodium hydroxide extracts were stored and when 
the pH of resin extracts was adjusted to 12.6 before 
storage (table 6.28). In all cases there appeared to 
be degradation of humic acid sulphur to the low 
molecular weight fulvic acid sulphur in these highly 
alkaline solutions. The reducible sulphur content of 
the fulvic acid fraction also increased when the highly 
alkaline solutions were stored, but there was no change 
in the total reducible sulphur content of the extracts 
(table 6.28).
(c) Inorganic Sulphate
Only small amounts of inorganic sulphate were 
present in the one hour pyrophosphate, resin and 
bicarbonate-carbonate extracts (2, 4, and 1 ppm of 
sulphur for soils 1, 2 and 3 respectively) and these 
amounts were similar to those for soluble and adsorbed 
sulphate in the original soils (table 6.2l). Hydroxide 
extracts, however, contained at least twice the amount
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of sulphate present in the other extracts (4 , 8 and
6 ppm S respectively)..
No changes occurred in sulphate concentrations 
in the pyrophosphate, resin, or bicarbonate-carbonate 
extracts when stored at 20°C for 24 hours. However, 
there were significant increases in inorganic sulphate 
concentrations in the hydroxide extracts (pH 12.6) 
when these were stored for the same period and at the 
same temperature (sulphate increased to 6, 10, 7 for 
soils 1, 2 and 3 respectively).
(d) Reducible sulphur in 'Humic1 and 'Fulvic'
Acid Fractions
One hour pyrophosphate,bicarbonate-carbonate, and 
12 day resin extracts contained similar amounts of 
hydriodic acid - reducible sulphur in the fulvic acid 
(table 6.30). Very little reducible sulphur was 
present in the humic acid of the pyrophosphate extracts. 
The one hour resin and bicarbonate - carbonate extracts 
contained similar amounts of hydriodic acid-reducible 
sulphur in the humic acid, and these amounts were 
considerably more than, those present in the pyro­
phosphate extracts. In all cases the amount of 
hydriodic acid-reducible sulphur was increased by 
increasing the period of extraction (table 6.30).
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In the 12 day hydroxide extracts more hydriodic 
acid-reducible sulphur was in the fulvic acid than any 
of the other extracts and consequently less reducible 
sulphur in the humic acid, suggesting breakdown of humic 
acid occurred during extraction.
The effect of heating hydroxide, bicarbonate- 
carbonate, and bicarbonate extracts from 20 to 90°0 , 
and 120°C in the case of the hydroxide extracts increased 
the sulphur in the fulvic acid, the reducible sulphur 
content of the fulvic acid, and the total hydriodic 
acid - reducible sulphur in the extract (table 6 .31). 
These results indicate heating caused cleavage of carbon- 
sulphur bonded compounds, and allowed the sulphur to be 
determined as hydriodic acid-reducible; the increase in 
fulvic acid sulphur on heating 20°C extracts at 90°C 
for l6 hours indicates the occurrence of an appreciable 
amount of degradation. This resulted in nearly double 
the amount of fulvic acid sulphur appearing in the 
heated samples (table 6 .31).
(e) Ultrasonic treatment
Ultrasonic dispersion of soil in conjunction with 
alkali has been used to extract organic matter from soil. 
This method of extraction however, was found to 
contaminate the extract with sulphur. Alkali alone did
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not dissolve sulphur from the tip of the Dav/e Soniprobe, 
but appreciable amounts of sulphur were dissolved from 
it by alkaline solutions of soil organic matter. The 
hydriodic acid-reducible sulphur content of soil extracts 
■was increased by the equivalent of 120 - 200 ppm of 
sulphur in the soil during 30 minutes’ extraction, 
resulting in levels •which were greater than the original 
total sulphur content of the soil. To reduce the 
contamination, teflon and stainless steel tips, and 
covering the tip (lead : zirconium : titanium alloy),
with plastic were tested but all seriously interfered 
with the transmission of the ultrasonic vibration and 
resulted in very little dispersion of the soil particles.
In view of the high level of contamination and 
failure to obtain a tip which would transmit the 
vibration and not contaminate the extract with sulphur 
the study of this technique was abandoned.
6 .3 Discussion
At least 98 per cent of the sulphur in the soils 
studied was shown to be organic (table 6.2l). Thus, 
apart from the small amounts of inorganic sulphate 
present, the sulphur extracted was released from 
organic combination. Similar proportions of sulphur and 
nitrogen were extracted by resin and hydroxide (l hr); this 
agrees with Yuan's (1964) findings for nitrogen in surface
soil.
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Extraction with chelating resin differs from the 
conventional methods of extracting soil organic matter 
using aqueous extracts in that it involves no 
contamination of the extract except with exchanged 
sodium ions. Cheng and Van Hove (1964) have suggested 
that it lessens the risk of artifact formation 
associated with alkali extraction. Reports (Bremner 
and Ho 196l; Cheng and Van Hove 1964; Yuan 1964) on 
the use of the sodium form of a chelating resin for 
the extraction of organic matter imply the resin 
extracts organic matter by virtue of its ability to 
chelate metal ions. However the results show that 
when the sodium form of the resin, as supplied by the 
manufacturers, is used, an alkaline medium is developed, 
and it is this change of pH which is more important.
Very little sulphur was extracted from soils in 
one hour by resin at pH 7 (6 , 1 1 , 6 ppm for soils 1 ,
2 and 3 ) and this contrasts markedly with the sulphur 
extracted by the soluble chelating agent, sodium 
pyrophosphate at pH 7 (29j 42, and 38 ppm S respectively, 
table 6 .21). The effect of pH of the extracting media 
is very important; under alkaline conditions resin was 
more effective than neutral pyrophosphate. This agrees 
with Bremner and H o ’s (1961) conclusion, but at pH7 
the reverse occurs. Therefore for extraction by chelation 
it is better to have a soluble chelating agent rather than a
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separate solid phase. Even at pH 10.2 the chelating 
resin did not prove to be particularly effective since 
no more than 24 per cent of the total sulphur was 
extracted in one hour.
However, additional sulphur was extracted by the 
resin from all soils when the extraction time was 
extended (up to a mean of 37*6 per cent of the total 
soil sulphur in 12 days). In the case of soil 3 » 
only an extra 5 ppm of sulphur was extracted when the 
extraction period was increased from 1 to 12 days 
(Melville, 1967).
If the resin extracted organic matter solely
by virtue of its chelating ability, the same amount
of sulphur would be extracted from soil at all pH
values above 4 , since according to the manufacturer
(Bio-Rad Laboratories, Richmond., California), the
quantity of cations chelated by Chelex 100 resin is a
function of pH, but is a maximum above pH 4 . However,
/this was not the case, the results showed there was 
a three-fold increase in extractable sulphur when the 
pH of the resin - soil - water suspension was increased 
from 7 to 10.2 and this occurred without a proportional 
increase in the chelation of polyvalent metal ions. 
Further evidence that chelating capactiy did not limit
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the extraction of sulphur after 12 days was obtained 
by adding additional resin, adjusted to pH 7» to the 
12 day suspension and continuing the extraction 
for an additional 24 hours. No additional sulphur was 
extracted. Therefore the chelating ability of the 
resin does not appear to be the most important factor 
in the extraction of sulphur from soil. The pH of the 
soil - resin - water suspension appears more important.
Increasing the resin:soil ratio above that used 
by Yuan (1964) increased the amount of sulphur extracted, 
but it also increased the pH of the extracts and this 
was probably responsible for the increased extraction.
The mesh size of the resin was also shown to 
influence the amount of sulphur extracted. This was 
probably due to a difference in the rate of release 
of sodium ions from the resin; in one hour the 
titratable alkali released from the 100 - 200 mesh was 
twice that from the 50 - 100 mesh resin.
Only small amounts of sulphur were extracted when 
the pH of the soil - resin - water mixture was 8.4 or 
less, but the amount extracted increased markedly when 
the pH was increased to 9*2 (Melville, 1967). Thus 
the high initial pH of the resin - water mixture 
(pH 10.2) appears more important than the chelating 
ability of the resin in the extraction of soil sulphur.
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The data suggest that alkalinity resulting from 
the release of sodium ions from the resin was more 
important than chelating ability in the extraction of 
organic matter. Thus, there appears to be little 
advantage in using a chelating resin rather than 
alkaline reagents for the extraction of soil sulphur.
If the resin is used under neutral conditions little 
sulphur is extracted; if used in the sodium form, as 
supplied by the manufacturer, slightly more sulphur 
is extracted but artifacts could be formed, as 
observed -when using other alkaline solutions.
Sodium pyrophosphate solution at pH 7*0 extracted 
less soil sulphur than resin, sodium bicarbonate- 
carbonate solution at pH 10.2, or 0.5N sodium 
hydroxide solution at pH 12.6 (table 6.2l). Sodium 
hydroxide was the most efficient extractant of those 
studied. These extracts "were higher in total fulvic 
acid sulphur, humic acid sulphur, hydriodic acid- 
reducible sulphur (tables 6.26 and 6.27), and inorganic 
sulphate (table 6.2l) than any of the other extracts.
Except for sodium hydroxide, none of the other 
reagents examined extracted more than 50 per cent of 
the total soil sulphur, and therefore cannot be 
regarded as being effective extractants.
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Because the nitrogen to sulphur ratio, and the 
percentage of hydriodic acid-reducible sulphur in all 
of the extracts (tables 6.21 and 6.26) differed from 
those of the original soil, it is apparent that no 
reagent studied extracted a fully representative sample 
of the soil organic matter. Possibly they extracted 
unchanged discrete fractions with a composition 
different from that of the whole organic matter.
Cheng and Van Hove (1964) concluded chelating 
resin extracted a representative portion of the 
organic matter from soils, but the N/S ratios of the 
resin extracts suggest this is incorrect.
All extractants, extracted sulphur more easily 
than nitrogen which is in accord with the findings of 
Halstead, et al. (1966), where aqueous acetyl acetone
in conjunction with ultrasonic dispersion removed a 
larger percentage of sulphur than nitrogen from soil.
The amounts of inorganic sulphate extracted by 
the mild extractants were always the same suggesting 
the figures obtained (i.e. 1 - 5  ppm S) may represent 
the total soluble and adsorbed inorganic sulphate 
content of these soils. These figures also indicate 
the mild extractants (resin, pyrophosphate and 
bicarbonate-carbonate) do not hydrolyse ester sulphates
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since this fraction appeared stable on storage. However, 
organic sulphur was converted to inorganic sulphate 
when the alkalinity was increased to pH 12.6, 
demonstrating the labile nature of organic sulphur 
in strong alkaline solutions.
Pyrophosphate and bicarbonate-carbonate (l hour) 
extracts contained similar amounts of fulvic acid 
sulphur, while resin extracts contained less sulphur 
in the fulvic acid fraction (table 6.27). This 
difference may be due to the fact that resin (Chelex 
100) merely disperses clay-organic complexes without 
splitting the bonds between the two, and on 
acidification or high speed centrifugation some of the 
fulvic acid of the complex is precipitated or spun 
down so as not to be included in the so called fulvic 
acid fraction. Because of this the resin extracts 
contained a greater proportion of humic acid sulphur 
relative to the fulvic acid than was present in any of 
the other extracts (table 6.27).
The stability of the sulphur compounds extracted 
by resin after shaking for one hour was examined by 
storing extracts at the pH of the extract after removal 
of the soil (pH 7*8 “ 9.4; table 6.28) for 24 hours 
and 12 days. No change occurred in the total amount
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of sulphur in the fulvic acid, hydriodic acid-reducible 
sulphur in the -whole extract, or in the hydriodic acid- 
reducible sulphur in the fulvic acid fraction (table 
6.28). Sulphate figures for the high speed centrifuged 
extracts also showed no change on storage for 24 hours. 
However, when the pH of the extracts was adjusted to 
12.6 and stored for 24 hours and 12 days, both 
hydriodic acid-reducible and total sulphur in the fulvic 
acid fraction increased, while the humic acid fraction 
decreased. Very little change occurred in the total 
hydriodic acid-reducible sulphur content of the whole 
extracts (table 6.28).
These results suggest organic sulphur compounds, 
or more probably the sulphur organic-inorganic complexes, 
are stable at the pH of the extraction, but on 
increasing the pH to 12.6 the complex becomes unstable 
as suggested by Levesque and Schnitzer (1967)} ahd the 
sulphur distribution between the humic and fulvic acids 
changes in favour of the fulvic acid fraction.
Degradation of humic acid, sulphur to lower molecular 
weight fulvic acid was apparent in the highly alkaline 
extracts (pH 12.6) and the ratios of humic acid sulphur 
to fulvic acid sulphur in these extracts cannot be 
indicative of the proportions of these two fractions in
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soil. Breakdown of humic acid sulphur did not appear 
to occur in the cold pyrophosphate, resin or bicarbonate- 
carbonate extracts on storage for 12 days, and possibly 
no degradation occurred during the one hour extraction. 
The different humic acid sulphur:fulvic acid sulphur 
ratios in these three extracts must then reflect 
differential extraction by the individual reagents.
Fulvic acid sulphur appears more readily accessible 
to the soluble reagents than to the insoluble 
complexing reagent, and the poor extraction of humic 
acid sulphur by neutral pyrophosphate parallels the 
results previously obtained for nitrogen (Choudhri 
and Stevenson, 1957)» It is impossible therefore, 
to obtain any indication of the concentration of these 
two forms of sulphur in soil using these extractants.
Comparison of the results obtained for the 
distribution of reducible sulphur between humic and 
fulvic acids in one hour and 12 day hydroxide extracts 
show degradation of the humic fraction must have 
occurred in the highly alkaline solutions. This was 
confirmed by following the changes in reducible 
sulphur in resin extracts stored at pH 12.6. No 
changes appeared to occur in the amount of hydriodic 
acid-reducible sulphur in the humic and fulvic acid
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fractions of the pyrophosphate, resin or bicarbonate- 
carbonate extracts stored under mild conditions, and 
therefore pyrophosphate seems a good extractant of 
hydriodic acid-reducible sulphur in the fulvic acid, but 
a poor extractant of reducible sulphur in the humic 
acid fraction. The other two reagents appeared to 
extract both fractions over an extended period, and 
possibly the distribution of hydriodic acid-reducible 
sulphur in the fulvic and humic acids in these extracts 
•was more indicative of the distribution in soil than 
that occurring in either pyrophosphate or hydroxide 
extracts. The results certainly suggest much of the 
hydriodic acid-reducible sulphur in soil occurs in high 
molecular weight compounds (humic acid) and previous 
observations (Freney, 1961) regarding the distribution 
of hydriodic acid-reducible sulphur in hot hydroxide 
extracts should not be extrapolated to the soils 
themselves.
Organic sulphur in soil can be divided into two 
fractions:
(i) where the sulphur is not directly bonded to carbon 
and can be reduced to hydrogen sulphide by hydriodic
acid, and
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(ii) -where the sulphur is directly bonded to carbon 
and is not reduced to hydrogen sulphide by hydriodic 
acid (Freney, 1958b). The increase in reducible 
sulphur in the whole hydroxide, bicarbonate or 
bicarbonate-carbonate extracts on heating suggests, 
therefore, that cleavage of carbon-sulphur bonds had 
occurred. This type of fission in cystine residues 
yielding non-carbon bonded sulphur has been reported 
to occur in proteins and peptides (Savige and Maclaren,
1966).
When alkaline extracts (table 6.31) were heated, 
appreciable increases occurred in the total fulvic 
acid sulphur, hydriodic acid-reducible sulphur in the 
fulvic acid, and the total hydriodic acid-reducible 
sulphur, indicating degradation of humic substances had 
occurred.
The increase in hydriodic acid-reducible sulphur 
in the fulvic acid of heated alkaline extracts may have 
been due to cleavage of carbon-sulphur bonds or to 
degradation of the hydriodic acid-reducible sulphur 
compounds in the humic acid fraction. These results 
demonstrate conclusively that hot alkaline solutions 
as used by Williams and Steinbergs (l959)> Freney (1961),
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and Lowe and Delong (1961), cannot be expected to 
extract organic sulphur in an unmodified form.
It appears organic sulphur in soil is stable at 
20°C in mildly alkaline solutions (at least up to 
pH 10.2), and that any of the reagents studied, with 
the exception of hydroxide at pH 12.6 , could be used 
for the extraction of organic sulphur from soil in a 
chemically unmodified form. If the resin is used for 
this purpose, then it may be necessary to extend the 
extraction period. Bicarbonate-carbonate and resin 
appeared to extract both humic and fulvic acid sulphur 
without detectable change to the sulphur compounds, and 
therefore, may be suitable reagents for the extraction 
of organic sulphur from soil, although both extractants 
rely on their alkalinity for extraction.
To- increase the extraction of soil sulphur higher 
alkalinity (above pH 10.2) is required, but this 
results in degradation and modification of the extracted
sulphur compounds.
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7 Changes in soil sulphur fractions during plant growth 
7.1 Introduction
Plants are believed to absorb most of their sulphur 
from soil as sulphate, and may also absorb small amounts 
of sulphur dioxide directly from the atmosphere (Jordan 
and Ensminger, 1958).
As indicated earlier, sulphur occurs mainly in 
organic forms in well-drained surface soils, and often 
the amounts of sulphate are too small to provide adequate 
sulphur for plant growth. Without fertilizer sulphur and 
readily accessible sulphate in the sub-soil, plants 
growing on these soils may depend to a considerable 
extent upon the mineralization of soil organic sulphur 
for adequate sulphur nutrition (Williams, 1967). Freney 
and Spencer (i960) examined the change in soil sulphate 
in the presence and absence of growing plants and 
concluded mineralization of sulphur was greater under 
plant cover than in fallowed soil.
Very little is known of the chemical nature of the 
soil organic sulphur fractions which become available 
during the growing period. In this investigation, 
laboratory and glass-house studies were carried out 
to determine the chemical nature of the sulphur utilized 
or chemically altered during the growth of plants.
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Four soils were studied using three plant species ~ 
Eucalyptus blakelyi, Pinus radiata D. Don, and Phalaris 
tuberosa L (3.6).
7•2 Result s
The four soils (2a, 3a»  ^ and 5) "were chosen on a
basis of differing sulphur status. Some of their 
properties are given in tables 3®H and 3*12. The plant 
species were chosen to enable a comparison between pasture 
and forest species. Many previous eucalypt forests have 
been planted to pines and in other areas to phalaris 
which is a widely used perennial pasture plant.
Three sulphur fractions were examined, namely:
(a) phosphate-soluble sulphate, which includes adsorbed 
and soluble sulphates,
(b) ester sulphate being the difference between the 
hydriodic acid-reducible sulphur and the phosphate-soluble 
sulphate, and
(c) 'non-sulphate1 sulphur being the difference between
the total soil sulphur and the hydriodic acid-reducible 
sulphur: probably representing the sulphur bonded to
carbon and partially reducible by Raney nickel.
The levels of these fractions in the original soils 
are shown in table 7*21. Phosphate-soluble sulphate 
ranged from 3®8 in a forest soil (3) to 17®7 ppm S in the
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improved pasture soil (2a). The ester sulphate Traction 
ranged from .2 to 97*7 PPm S while the ’non-sulphate: 
fraction which was the largest accounted for 109 171
ppm. The average percentage of these fractions in the 
four soils was:- phosphate-soluble sulphate 3-3 per 
cent, ester sulphate 33*3 per cent and ’non-sulphate* 
sulphur 63.^+ per cent of the total soil sulphur.
Generally the amount of sulphur absorbed by the 
growing plants was greater than the net amount of sulphur 
mineralized in the fallow soils. An exception was the 
Pinus radiata where in all four soils less sulphur was 
absorbed by the plants than that mineralized. Only in 
the case of Phalaris tuberosa did the sulphur uptake 
exceed the phosphate-soluble sulphate content of the 
fallow soils (table 7*22). However, changes in the 
three sulphur fractions did occur in all soils during 
the period of fallow, and plant growth.
7 .2.1 Changes in sulphur fractions under fallow conditions
Incubation of soils in the glass-house for three 
months under conditions identical to the plant culture 
experiment, resulted in a net mineralization of sulphur 
in all four soils. The improved pasture soil (2a) 
mineralized 3*6 ppm of sulphur as phosphate-soluble
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Table 7*21 Phosphate-soluble sulphate, ester sulphate 
and non-sulphate sulphur fractions in the 
original soils
ppm S
Soil 
No .
Phosphate 
s oluble 
sulphate
Ester
sulphate
N on-sulphate 
sulphur
2a 17*7 93.3 171
3a ^ . 3 97.7 l66
4 ^ . 7 58.3 131
5 3*8 5^.2 109
Phosphate-soluble sulphate determined as described in 
section 3*3*3*
Ester sulphate being the hydriodic acid reducible 
minus phosphate soluble sulphate.
Non-sulphate sulphur being the difference between the 
total soil sulphur and hydriodic acid-reducible sulphur.
sulphate, while the virgin pasture soil and forest soils 
(soils 3a, 4 and 3) mineralized 1.6, 1.2 and 2.4 ppm of 
sulphur respectively (table 7.23)* The amount of sulphur 
in the ester sulphate fraction (i.e. hydriodic acid- 
reducible sulphur minus phosphate-soluble sulphate) in 
soil 5 did not change during the experiment indicating 
the source of the small mineralization (2.4 ppm) was 
probably from the ’non-sulphate' fraction.
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The increase in ester sulphates in the pasture soils 
(soil 2a and 3a) was possibly due to re-incorporation of 
some of the mineralized sulphur by micro-organisms. In 
the forest soil (soil 4) phosphate-soluble sulphate 
increased, but the ester sulphate fraction decreased 
(table 7.23) suggesting that in this soil the mineralized 
sulphur may have originated from this fraction.
7.2.2 Changes in sulphur fractions in the presence 
of plants
(a ) Eucalyptus blakelyi
The amount of sulphur taken up by the plants varied 
considerably between soils, even in the plus sulphur 
treatment (3-6.3» table 7*24). Only in one case (soil 
2a) did the sulphur uptake from the plus sulphur 
treatment exceed the 12 ppm of sulphur added.
The growth of Eucalyptus blakelyi reduced the 
phosphate-soluble sulphate fraction in all four soils 
(table 7*24). The decrease being greater in the plus 
sulphur series.
During plant growth the ester sulphate fraction 
decreased in all soils except the virgin pasture soil 
(soil 3 a). The 'non-sulphate' fraction decreased in the 
pasture soils (soils 2a, and 3a) by 10.7 and 15*5 ppm 
in the no-sulphur series, while very little change
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Table 7*22 Initial and final phosphate-soluble sulphate 
content, and sulphur mineralized in fallow 
soils, and sulphur taken up by Eucalyptus 
blakelyi, Pinus radiata and Phalaris tuberosa 
over a twelve week period
S expressed as ppm in the soil
Soil 
No .
Phosphate-
soluble
sulphur
Initial Final 
( a ) ( b )
Sulphur
mineral­
ized
b - a
Eucalyptus 
blakelyi
Pinus
radiata
Phalaris
tuberosa
2a 17.7 21.3 3.6 17.9 2.2 ro 00 U3
3a 4.3 5.9 1.6 3.2 1.9 9.2
4 4.7 5.9 1.2 2.8 1.0 5.4
5 3.8 6.2 2.4 2.1 0.8 4.6
occurred in the forest soils (soils 4 and 5> table 7.24). 
In the plus sulphur series soils 4 and 5 immobilized 
some sulphur, and this was reflected in an increase in 
the 'non-sulphate' fraction, but in soil 3a this fraction 
decreased and the ester sulphate fraction increased 
( table 7.24).
(b) Pinus radiata D. Don
The uptake of sulphur by Pinus radiata was very 
small compared with that by the other two species 
(table 7.22), and was even less than the amount of sulphur
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Table 7.23 The net change in phosphate-soluble sulphate, 
ester sulphate, and non-sulphate sulphur 
fractions in fallow soil incubated in the 
glass-house for twelve weeks
ppm S
Soil
No.
Phosphate-soluble Ester sulphate
i
N on-
sulphate S
2a + , X- -X- X-3.6 + X-X-X-8.7 . ***12.3
3a + ,***1.6 + ,-x-**1.6 — X- X-X-3.2
4 + -X--X--X-1.2 - ~ *** 1.8 + . x-x-x- 0.6
5 + , x-x-x- 2.4 0 - . *** 2.4
•x- -x- -x-significantly different from zero at 0.1 per cent.
mineralized in the fallow soil. Growth was slow and this 
resulted in a situation similar to that of the fallow 
soils. Only small changes occurred in the sulphur 
fractionsduring the growth of this species (table 7 *25).
However, the results indicate that in the no-sulphur 
series small amounts of sulphur were mineralized in the
soil with a corresponding decrease in the 'non-sulphate' 
fraction (table 7 *25).
In soils 2a, 3a and 4 the amount of ester sulphate 
increased by 4.5 to 8.1 ppm (table 7*25). This probably 
resulted from re-incorporation of mineralized sulphur 
by micro-organisms.
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Pinus radiata seedlings grown on soil 5 showed 
strong sulphur deficiency symptoms. However, soil 5 
gained in phosphate-soluble sulphate during plant 
growth (no-sulphur series), and as the plants were 
sulphur deficient it appears that they were unable to 
utilize this sulphur. Therefore phosphate-soluble 
sulphate is evidently not sufficiently mobile within 
soil to stop sulphur deficiency symptoms.
In the plus sulphur series a decrease in phosphate- 
soluble sulphate, and incorporation of sulphur into 
the sulphate ester fraction occurred.
(c) Phalaris tuberosa removed more sulphur from each 
of the soils than either of the two tree species 
(table J.22). The phosphate-soluble sulphate fraction 
decreased in all four soils (table 7*26), and this 
appeared to result from the uptake of sulphur by plants, 
rather than immobilization into an organic sulphur 
fraction.
The net change in the ester sulphate fraction 
varied between treatments, while the ’non-sulphate' 
fraction in both sulphur series decreased in three of 
the four soils (table 7*26). In soil 2a,
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the 'non-sulphate1 fraction decreased by 19.6 ppm in the 
no-sulphur series (table 7.26). Examination of this soil 
(2a) by reduction with Raney nickel showed that a decrease 
of 12.8 ppm occurred in this fraction following the growth 
of plants for twelve weeks. This decrease represents a 
change in the amount of sulphur bonded to carbon and 
indicates that Phalaris tuberosa was able to utilize 
sulphur from this soil which was initially bonded to 
c arb on.
Thus, it appears that plants are able to utilize 
the non-sulphate fraction of soil sulphur during plant 
growth.
7.3 Discussion
The capacity of a soil to provide adequate sulphur 
for plant growth will depend to a large extent upon the 
initial amount of soluble sulphate, the rate of solution 
of partially soluble sulphates, and the rate of 
mineralization of organic sulphur (Williams and 
Steinbergs, 1964).
In the improved pasture soil (soil 2a) Eucalyptus 
blakelyi and Phalaris tuberosa absorbed sulphur equivalent 
to 17»9 and 28.3 ppm soil sulphur respectively (table 
7.22), which, after allowance for phosphate-soluble
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sulphate in the soil at the conclusion of the experiment 
indicated a net mineralization of 13*1 and 18.7 ppm 
respectively (table 7 .2 7). However, in the fallowed soil, 
the increase in phosphate-soluble sulphate was only 3-6 
ppm, but an increase of 8.7 ppm occurred in the ester 
sulphate fraction (table 7.23). If this increase in the 
ester sulphate fraction is considered to be re­
incorporation of mineralized sulphate, then the total 
amount of sulphur actually mineralized during the three 
month period in the fallow soil could have been 12.3 ppm 
(table 7*27). This figure of 12.3 ppm is not much less 
than the 13.1 ppm mineralized in the presence of 
Bucalpytus blakelyi which indicates that very little 
sulphur was mineralized as a direct result of the growth 
of Eucalyptus blakelvi on this soil (soil 2a). However, 
in the presence of Pha laris tuberosa mineralization of 
soil organic sulphur was enhanced above the fallow 
soil (table 7.27) and this is in agreement with Freney 
and Spencer's ( i960) findings. This enhanced 
mineralization in the presence of plants has been 
attributed to stimulation of micro-organisms by root 
exudates resulting in larger microbial populations, and 
a greater breakdown of soil organic matter (Freney and 
Spencer, i960).
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Table 7-27 Apparent mineralization of soil sulphur in 
fallow soil and in the presence of 
Eucalyptus biakelvi and Phalaris tuberosa
ppm S
* *Soil Fallow In the presence of
No. Soil* Eucalyptus blakelyi Phalaris tuberosa
2a 12.3 13.1 18.7
3a 3.2 1.7 7.8
4 - 0.6 1.9 3.3
' 5 2.4 1.5 4.4
Includes the change in phosphate-soluble sulphate and 
the ester sulphate fraction.
x- -x- Plant sulphur with allowance for the change in 
phosphate-soluble sulphate in the soil.
It is apparent that the amount of sulphur 
mineralized in a fallowed soil as determined by the net 
change in the level of phosphate-soluble sulphate may 
not indicate the actual amount of sulphur available for 
plant growth. Estimations may be improved by determining 
the change in both the ester sulphate and phosphate- 
soluble sulphate fractions.
In each soil there was a greater net mineralization 
in the presence of Eucalyptus blakelyi and Phalaris
tuberosa than that which occurred in the fallow soil.
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However, when the increase in the ester sulphate fraction 
was included in the amount of sulphur mineralized in 
the fallow soil (table 7*27) Phalaris tuberosa was the 
only species where the amount of sulphur mineralized 
was greater than that in the fallow soil. Therefore it 
seems likely that this increase in the presence of 
Phalaris tuberosa could have been due to increased 
activity of rhizosphere rnicro-organisms as suggested 
by Freney and Spencer (1980).
The amount of sulphur taken up by the plants was 
related to the change in the phosphate-soluble sulphate 
fraction as shown by the correlation coefficients of 
0.984, O .589 and 0.978 for Eucalpytus blakelyi, Pinus 
radiata and Phalaris tuberosa respectively. From similar 
correlation coefficients Spencer and Freney (1980), and 
Fox e t al. (1984) concluded that phosphate-soluble
sulphate was a readily available source of plant sulphur. 
However in no case was all of the phosphate-soluble 
sulphate in the soil absorbed by the plants (table 7 *22), 
even where the plants showed severe symptoms of sulphur- 
deficiency (soil 5 )*
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Marked symptoms of sulphur deficiency were evident 
in all three species grown on soil 5» and this was 
reflected by a large difference in the weight of plant 
material produced between sulphur treatments. Under 
these deficient conditions the plants derived most of 
their sulphur from the 'non-sulphate* sulphur (carbon 
bonded sulphur), and only very small amounts from the 
ester sulphate fraction (tables 7*24, 7*25 and 7 .26).
In the pasture soils (i.e. 2a and 3a), the 'non­
sulphate' fraction was reduced to a far greater extent 
than in the forest soils where only very small changes 
occurred. The 'non-sulphate' fraction has been shown 
to contain carbon bonded sulphur by reduction with 
Raney nickel and the results indicate the sulphur 
mineralized in fallow soils and in the presence of 
growing plants originated mainly from these carbon bonded 
sulphur compounds rather than the ester sulphate fraction.
In soil initially rich in phosphate-soluble sulphate, 
or when plant demands are low, such as under fallow 
conditions, and as with Pinus radiata, an appreciable 
amount of sulphur appeared to be incorporated into the
ester sulphate fraction, probably by micro-organisms.
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8 Effect of added inorganic sulphate on the 
organic sulphur fractions in soil
8.1 Introduction
Little information is available on the biochemical 
changes occurring in soil -when sulphur fertilizers are 
added. Some of the added sulphur may be immobilized 
into organic fractions and thereby become unavailable 
to crops.
The rate of immobilization or mobilization 
(mineralization) depends primarily on the supply of 
energy in the form of readily decomposable organic 
matter in relation to the quantity of available sulphur. 
Barrow (l960c) found that if the C : S ratio was less 
than 200, sulphate usually accumulated in soil; when the 
ratio was above 400, sulphate was incorporated into the 
soil organic matter. For ratios between 200 and 400, 
sulphate was either released from or incorporated in the 
soil organic matter.
In this investigation labelled inorganic sulphate
o cr(Na^S^O^) -was added to three contrasting soils and 
incubated at 30°C, at a moisture tension of 100 cms 
for periods up to 168 days (3.7) in order to
examine the fate of the added sulphate and its distribution 
between the organic fractions.
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8.2 Results
Incubated soil was shaken and leached with phosphate
solution (4,000 ppm P, pH 7.0) to remove free inorganic
sulphate and to desorb any adsorbed sulphate before
chemical examination of the soil. After an initial
extraction with 50 ml of phosphate solution successive
extractions did not remove any more of the labelled
sulphur from the extracted soil. Identical amounts of 
35S were determined in the extracted soil after one 
extraction, as after ten successive extractions with 
phosphate solution. Therefore incubated soil (lOg) 
was shaken with 50 ml of phosphate solution for one hour 
and then leached with phosphate solution until the 
volume of the leachate reached 200 ml. This procedure 
was used to remove the free and adsorbed sulphate from 
the soils in this study.
Labelled sulphur held by soil, and not leached by 
phosphate solution, was partially soluble in sodium 
hydroxide solution (49 per cent) and also in sodium 
bicarbonate-carbonate solution (47 per cent). Peroxide 
treatment of leached soil released 90 per cent of the 
labelled sulphur as phosphate-soluble sulphate. The 
addition of glucose to soil before incubation resulted
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3 ^in additional amounts of S being held by the soil 
■which were resistant to leaching by phosphate solution. 
These findings suggest labelled sulphur was incorporated 
into the soil organic matter.
Incorporation of labelled sulphate into the soil 
organic matter was initially rapid up to 28 days and 
then the rate decreased (tables 8.21 and 8.22). In soils 
3 and 6 where glucose was added to the soil before 
incubation the amount of sulphur incorporated decreased 
after 36 days. This amounted to a 21 per cent decrease 
in the amount of incorporated sulphur at lb8 days 
suggesting re-mineralization had occurred. The addition 
of glucose increased the overall incorporation up to a 
level of 80 per cent of the added sulphur at 36 days 
(table 8.22).
Fractionation of the incorporated sulphur indicated 
the hydriodic acid-reducible sulphur fraction followed 
a similar pattern of incorporation to that of the total 
sulphur. At 56 days l4 to 31 per cent of the added 
sulphate was incorporated into this fraction in soils 3 
and 6 respectively. The addition of glucose increased 
the amount incorporated into the hydriodic acid- 
reducible fraction by 2 to 11 per cent (soils 3 and 3)*
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Table 8.21 Change in total, hydriodic acid-reducible 
and carbon bonded sulphur fractions in 
soil during incubation at 30°C with. 10 ppm 
of S as inorganic sulphate which included 
initially}.pCi of s35
35expressed as a percentage of the S
Soil Fraction Length of incubation 
(days)
1 7 l4 28 56 168
Total S 12.3 29.4 35.8 46.7 47.3 cn00
-3-
3 HI 7.8 14.6 17.4 19.2 24.0 24.0
C-S by 
difference 4.5 14.8 18.4 27.5 23.3 24.3
Total S 8.1 17.2 19.4 31.2 35.7 28.1
5 HI 2.6 6.5 8.8 9.2 14.2 17.2
C-S by 
difference 5.5 10.7 10.6 22.0 21.5 20.9
Total S 8.7 19.4 31.5 37.9 40.7 47.6
6 HI 4.3 11.4 13.8 19.5 31.2 29.5
C-S by 
difference 4.4 8.0 17.7 18.4 9.5 18. i
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Table 8.22 Change in total, hydriodic acid-reducible, 
and carbon bonded sulphur fractions in 
soil where glucose (0.3 per cent) and 10 ppm 
of S as inorganic sulphate which included 
initiallyIpCi of s3^ > was added and incubated 
for different periods of time at 30°C
3 5expressed as a percentage of the S
Soil Fraction Length cf incubation
[days)
1 7 14 28 36 168
Total S 30.4 45.9 31.9 72.4 80.0 39.2
3 HI 13.6 24.6 26.3 30.2 33.0 31.0
C-S by 
difference 14.8 21.3 23.6 42.2 43.0 28.2
Total S 12.0 21.9 23.3 35.2 4l. 1 31.1
5 HI 3.1 8.8 9.8 14.6 16.2 18.4
C-S by 
difference 8.9 13.1 13.3 20.6 24.9 32.7
Total S 16.7 40.9 46.7 31.2 69.0 51.4
6 HI 8.3 18.0 19.8 23.6 34.2 32.0
C-S by 
difference 8.4 22.9 26.9 27.6 00•<r\ 19.4
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Very little change occurred between the level of labelled 
hydriodic acid-reducible sulphur at 56 and l68 days in 
both the nil and plus glucose treatments (tables 8.21 
and 8.22).
The carbon bonded sulphur fraction increased in 
labelled sulphur similar to the hydriodic acid-reducible 
fraction up to 28 days when 19 to 27 per cent of the 
initial sulphur was incorporated into this fraction 
(table 8.2l). After 28 days this fraction remained 
constant in the nil glucose treatments (table 8.2l), 
but where glucose was added the carbon bonded sulphur 
decreased from up to 43 per cent at 56 days (soil 3 ) 
to 28 per cent at l68 days (table 8.22). A similar 
decrease also occurred in soil 6, indicating carbon 
bonded sulphur was mineralized between the 36 and l68 
day samplings.
Raney nickel reduction of the l68 day samples 
showed that between l4.4 to 35*7 per cent of the 
incorporated sulphur was reducible by this reagent and 
confirmed that labelled sulphate was incorporated into 
the soil organic matter.
Fractionation of the hydroxide and bicarbonate- 
carbonate extracts of the 168 day samples (soil 6)
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indicated that 44 and 4l per cent respectively of the 
incorporated sulphur was reducible by hydriodic acid, 
presumably in the form of ester sulphates.
Raney nickel reduction of the extracts showed that 
32 per cent of the Raney nickel reducible sulphur was 
extracted with hydroxide and bicarbonate-carbonate 
solutions and this represented approximately five per 
cent of the incorporated sulphur.
8.3 Discussion
The results indicate that part of the sulphate added 
to the soils was incorporated into the soil organic 
matter. Higher amounts were incorporated where glucose 
was added, suggesting the incorporation was the result 
of microbial activity.
Sulphur was incorporated into both the hydriodic 
acid-reducible (ester sulphates) and carbon bonded sulphur 
fractions in roughly equal proportions indica.ting that 
these fractions are actively involved in the biological 
transformations in soil. Therefore within these fractions 
various degrees of chemical stability must exist.
In two glucose treated soils re-mineralization 
occurred, and during this period (56 to l68 days) the 
hydriodic acid-reducible sulphur fraction remained
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constant indicating this fraction was not the source of 
the mineralized sulphur, and also that there was no net 
re-incorporation of the mineralized sulphur into this 
fraction. The source of this sulphur was the carbon 
bonded sulphur fraction, and its rate of mineralization 
appeared to be independent of the rate of the total 
incorporation. This is in agreement with Siman's (1968) 
observation that increased immobilization does not 
markedly affect the rate of re-mineralization.
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9 General Discussion
9.1 Estimation and Extraction of the sulphur fractions
in soil
The elucidation of the exact chemical nature of the. 
sulphur compounds in soil has long been hampered by- 
difficulties in distinguishing between the various sulphur 
fractions. Some of these difficulties have been overcome 
by modifications described in this thesis.
Inorganic sulphate in soil is just one of the 
fractions which have been estimated by various methods 
but not actually determined. Full extraction of the 
inorganic sulphate is required without chemical 
degradation of ester sulphates, followed by its separation 
from organic sulphates and then its determination. This 
was achieved by the extraction of soil with pyrophosphate, 
resin, and bicarbonate-carbonate, and fractionation of 
these extracts by acidification and adsorption on 
charcoal. The colourless extracts were then treated 
according to Freney's (1958b) procedure. Identical 
amounts of inorganic sulphate were determined in the 
pyrophosphate (pH 7*0), resin (pH J.6 - 9 ,0), and 
bicarbonate-carbonate (pH 10.2) extracts of the same soil 
indicating that none of these reagents degraded the 
organic sulphates, even though the pH of the extracts
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varied from 7 to 10.2. The amount of inorganic sulphate 
determined by this procedure probably represents the total 
soluble and adsorbed inorganic sulphate present in the 
soil.
The amount of sulphur in soil which is reducible 
by hydriodic acid was examined to determine whether 
Johnson and Ulrich's (1959) reduction procedure reduced 
all of the soil sulphates to hydrogen sulphide. Treatment 
of soil with hydrofluoric acid, to release any sulphate 
occluded by silicates, resulted in an increase of only 
3 per cent in the sulphur reduced by hydriodic acid.
This increase may be due to occluded sulphate, or to 
degradation of carbon bonded sulphur compounds to 
sulphate by the hot acid, Therefore it seems the 
hydriodic acid-reducible sulphur content of soil, as 
determined by the direct reduction of soil with 
hydriodic acid (Johnson and Ulrich,1959)> represents 
all or nearly all of the soil sulphates.
In the estimation of carbon bonded sulphur in 
soil by reduction with Raney nickel using Lowe and 
Delong's (1963) procedure the degree of interference and 
extraction of the soil sulphur controlled the amount of 
sulphur determined. Prior extraction of the organic 
matter with sodium hydroxide (0.21N) solution increased
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the amount of sulphur determined and reduced interference 
caused by iron and manganese. This interference was 
shown to be caused by the ability of iron and manganese 
to act as oxidizing agents.
Reduction of a range of pure sulphur compounds with 
Raney nickel (5-35) indicated this procedure was not 
completely specific for carbon bonded sulphur since 
inorganic sulphur compounds of lower oxidation state than 
sulphate were reduced. However interference from such 
compounds in most soils could be expected to be small. 
Aliphatic sulphones and aliphatic sulphonic acids were 
not reduced, so that if compounds of this type are 
present in soil they would not be included in the Raney 
nickel reducible fraction.
Clearly the original procedure for the estimation 
of carbon bonded sulphur in soil as proposed by Lowe 
and Delong (1963) has many deficiencies. Some of these 
have been overcome by the modifications proposed as a 
result of the present investigations which have included 
increasing, the amount of alloy used, the alkali 
concentration, the time of reduction and extraction, 
and the degree of activation of the catalyst.
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The importance of extracting the sulphur compounds 
from soil before estimation has been shown to be critical 
in both the estimation of inorganic sulphate and carbon 
bonded sulphur. The extraction study showed that the 
amount of sulphur extracted increased with the pH of the 
extractant. The order of extractant efficiency at 20°C 
was hydroxide (pH 12.6), bicarbonate-carbonate (pH 10.2), 
chelating resin (pH 10.2 - 7*6) and pyrophosphate at 
pH 7.0, and this order is commonly observed in the 
extraction of soil organic matter (Posner, 1966). The 
chemical nature of the organic matter extracted as 
indicated by the nitrogen to sulphur ratio showed none 
of the reagents used in this study extracted a 
representative sample of the soil organic matter. More 
sulphur than nitrogen was extracted.
The sulphur compounds extracted by the mild reagents 
(pyrophosphate,resin and bicarbonate-carbonate) were 
shown to be stable on storage and probably very little 
chemical change occurred during the extraction.
In general an average of l4 per cent of the 
hydriodic acid-reducible sulphur in the mild extracts 
was determined as inorganic sulphate, indicating that 
86 per cent was organic sulphates, and that these 
compounds were removed from solution by the separation 
procedure.
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Calcium dihydrogen phosphate extraction of soil, 
as used by Barrow (1967a) and Williams (1968) for the 
estimation of the availability of soil sulphate to 
plants , showed that similar amounts of sulphur were 
determined as hydriodic acid-reducible sulphur in these 
extracts as that determined as inorganic sulphate in 
pyrophosphate, resin and bicarbonate-carbonate extracts. 
This suggests the procedure of Barrow (1967a) and 
Williams (1968) may be a useful indicator of the level 
of inorganic sulphate in some soils. However as the 
pH of this extractant is 4 , re-adsorption of sulphate 
may occur in soils high in adsorption sites, and this 
will result in an underestimation of the inorganic 
sulphate.
9•2 The amounts of hydriodic acid and Raney nickel -
reducible sulphur in soils
In fifteen arable soils which included nine 
different soil types and ranged from alpine humus to 
yellow podzolic soils (5-36) the hydriodic acid-reducible 
fraction, determined directly on the soil accounted for 
an average of 47 per cent of the total soil sulphur. 
Extraction of three of these soils showed that these 
compounds occurred in both the high and low molecular 
weight fractions. Data obtained from bicarbonate-
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carbonate and resin extracts indicated much of this 
sulphur occurred in the high molecular weight fraction 
of soil organic matter.
Carbon bonded sulphur calculated as the difference 
between the total soil sulphur and the hydriodic acid- 
reducible fraction accounted for 53 per cent of the soil 
sulphur. However, Lowe and Delong's (1963) procedure 
only determined an average of 12 per cent, but under 
optimum conditions as indicated by the present 
investigation the Raney nickel-reducible fraction was 
increased to 30 per cent. This left an average of 23 
per cent of the soil sulphur unaccounted for, either not 
determined due to interference, or possibly because it 
occurred as aliphatic sulphones or aliphatic sulphonic 
acids in these soils. Other possibilities are oxidation 
of carbon bonded sulphur compounds to sulphones and 
sulphonic acids during the alkaline treatment with 
Raney nickel, or occlusion of reducible sulphur in 
soil colloidal particles. Treatment of soil with 
hydrofluoric acid showed that occlusion in the case of 
the hydriodic acid-reducible sulphur could only account 
for three per cent.
In the group of soils studied the relative 
proportions of hydriodic acid reducible and carbon
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bonded sulphur forms were of similar magnitude 
irrespective of the soil type. This result differs 
from that of Lowe and Delong (1963) who concluded organic 
soils contained substantially more carbon bonded sulphur 
than mineral soils. This difference between organic 
and mineral soils reported by Lowe and Delong (1963) 
could have been due to iron and manganese interference 
since the results given in table 5*36 show that under 
optimum conditions the values for Raney nickel-reducible 
sulphur were approximately two and a half times greater 
than those obtained by the unmodified Lowe and Delong 
(1963) procedure.
The reduction of pure organic sulphur compounds 
by Raney nickel suggests this procedure is unlikely 
to determine all of the carbon bonded sulphur in soil, 
especially as cysteic acid which is a likely oxidation 
product of cystine and cysteine is not determined.
However if it is assumed that all interference can be 
eliminated in the Raney nickel reduction, the organic 
sulphur could be divided into three fractions:
(i) Hydriodic acid-reducible sulphur, presumably 
ester sulphates,
(ii) Raney nickel-reducible sulphur which may include 
carbon bonded sulphur compounds with the exception 
of aliphatic sulphones and aliphatic sulphonic acids.
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(iii) Aliphatic sulphones and aliphatic sulphonic 
acids as estimated by the difference between the total 
soil sulphur and the sum of the hydriodic acid, and 
Raney nickel-reducible sulphur in the soil.
9•3 Availability of soil sulphur to plants
Very little information has been published on the 
availability of the soil organic sulphur to plants 
during the growing period and particularly the chemical 
nature of the sulphur mineralized during plant growth. 
The sulphur mineralized from soil organic matter 
(determined as the net increase in phosphate-soluble 
sulphate) under fallow conditions and in the presence 
of plants originated mainly from the carbon bonded 
sulphur fraction. Consequently this fraction may 
provide much of the sulphur which is mineralized, 
especially in soils of the type studied. Results 
from the incorporation study using radio-active sulphur 
supports this suggestion. Labelled sulphate was 
incorporated into both the hydriodic acid-reducible and 
carbon bonded sulphur fractions of the organic sulphur. 
Once re-mineralization had commenced the carbon bonded 
sulphur fraction was depleted whereas the hydriodic
acid-reducible fraction remained constant.
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Once mineralized, sulphur may be re-incorporated 
into the soil organic matter via the ester sulphate 
fraction, as was shown where plant demands were small 
and also in fallow soil.
In an improved pasture soil (soil 2) the net change 
in the phosphate-soluble sulphate fraction represented 
only 29.3 per cent of the net increase in the phosphate- 
soluble and ester sulphate fractions. This result 
suggests the actual amount of sulphur mineralized may 
be far greater than that determined as the net increase 
in phosphate-soluble sulphate.
Incorporation of sulphate into the soil organic 
matter was shown to be associated with both the 
hydriodic acid-reducible and carbon bonded sulphur 
fractions. The carbon bonded sulphur fraction was more 
labile to mineralization and this was shown in the 
incubation study.
The rapid incorporation of inorganic sulphate 
into the organic fractions suggests fertilizer sulphate 
may become partially unavailable to plants within a 
few weeks. This will be greater in soils where plant 
remains have been incorporated into the soil and thus 
fertilizer requirements may be far in excess of the 
actual amount of sulphur consumed by plants. The ability
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of the soil system to reduce the availability of 
fertilizer sulphate is therefore very important when 
determining the sulphur requirement of a soil for 
plant growth. This will depend upon the available 
energy sources, temperature, pH, moisture and aeration 
which govern the rate of immobilization of sulphate 
into the temporily unavailable organic sulphur.
The rate of re-mineralization, which appeared 
independent of the rate of incorporation, may be a 
critical factor in the growth of plants especially on 
sulphur deficient soils.
Evidently a dynamic system exists in soil in which 
the organic sulphur acts as a reservoir, and the amount 
of available sulphate being the resultant of a number 
of processes.
9.4 C onclusion
Thus the investigations have shown:-
(i) Raney nickel reduction of soil as originally 
proposed by Lowe and Delong (1963) suffers from 
interference by iron and manganese because of the 
capacity of these elements to act as oxidizing agents.
(ii) The relative proportions of hydriodic acid and 
Raney nickel-reducible sulphur were similar in the nine
soil types studied.
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(iii) Extraction of organic sulphur from soil is 
dependent upon pH ,and solutions of 10.2 and below appear 
to extract sulphur compounds with a minimum of chemical 
alteration.
(iv) Carbon bonded sulphur compounds were depleted 
from soil during plant growth and incubation in 
preference to the ester sulphate fraction.
(v) Inorganic sulphate applications to soil 
increased the carbon bonded sulphur and ester sulphate 
fractions, and on re-mineralization only the carbon 
bonded sulphur fraction showed a net decrease.
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TABLE 1
Total sulfur, Sn-HCl reducible sulfur and total nitrogen in soils 
derived from different parent materials
Soil
Type Parent Material
Total-
nitrogen
(ppm. N)
Total
sulfur
(ppm. S)
Inorganic
sulfate
(ppm. S)
Diff . 
between 
Cols. 4-5 
(ppm. S)
Sn-HCl 
reducible 
sulfur 
(ppm. S)
Yellow podzolic Granodiorite 1370 135 2 133 4.3
I f  II Siliceous shale 1560 166 2 164 4.0
1 »  »1 Granodiorite 2700 264 4 260 9.4
Red earth Granite 1560 167 4 163 3.3
Chocolate Basalt 2520 268 4 264 7.4
Krasnozem fl 3690 534 9 525 15.4
ft ft 6100 795 7 788 24.4
ft If 5200 900 30 870 22.4
ft It 6380 1100 22 1078 30.8
Black earth If 2750 386 4 382 12.9
Alpine humus Granite 4570 441 15 426 12.0
ilcareous sand Calcium carbonate 5140 1200 210 990 30.4
lean 529.6 14.7
5er cent 100 2.8
TABLE 2
Sn-HCl reducible sulfur, inorganic sulfate, total sulfur and 
total nitrogen in different horizons of a krasnozem soil
;pth
:m)
Total
nitrogen
(ppm. N)
Total
sulfur
(ppm. S)
Inorganic
sulfate
(ppm. S)
Difference 
between 
Columns 3-4 
(ppm. S)
Sn-HCl 
reducible 
sulfur 
(ppm. S) .
- 15 5600 928 50 875 30.8
- 30 4500 796 78 718 22.0
- 45 3800 756 145 611 13.6
- 60 2400 760 264 496 13.4
- 75 1200 788 414 374 6.1
- 90 900 830 532 298 6.2
- 105 600 962 756 206 4.1
i - 120 400 997 816 181 4.5
TABLE 3
Sn-HCl reducible sulfur in soil and sodium hydroxide extracts and 
the effect of various treatments on this sulfur fraction
( ppm. S)
Soils
Treatment No. 7 No. 8 No. 12
Soil 24.4 22.4 30.4
Soil residue after 
extraction with NaOH 17.6 15.3 27.5
NaOH extract 33.5 28.2 8.2
Fulvic acid in NaOH 
extract 14.2 13.8 5.0
Humic acid in NaOH 
extract 15.6 16.0 2.8
NaOH extract shaken with 
0^ for 24 hours 31.4 28.5 8.1
NaOH extract (pH 12.6) 
boiled for 18 hours 45.0 39.8 13.7
NaOH extract (pH 7) 
boiled for 24 hours 21.7 24.0 2.9
NaOH extract made 6N 
w.r.t. HC1 and boiled for 
24 hours 11.0 13.9 1.2
TABLE 4
Sn-HCl r e d u c i b l e  s u l f u r  in  a r a n g e  o f  i n o r g a n i c  and o r g a n i c  s u l f u r
compounds. 32 yg S ta k e n  f o r  a n a l y s i s
Compound N a tu re  o f  g r o u p in g S u lp h u r  r e d u c e d
(yg s)
Sodium s u l f a t e S 0 .=4
0
Sodium t h i o s u l f a t e S2 °3=
31
Sodium s u l f i d e
=
s 32
E le m e n ta l  s u l f u r S8 32
P o ta s s iu m  t h i o c y a n a t e -S -C e N 32
A l l y l  i s o  t h i o c y a n a t e -N=C=S 32
T h io a c e ta m id e
SH
-C-NH
Sft
32
T hiobenzam ide - c- nh2 32
X anthane  h y d r id e HN=C-S-S-C = S
ln h — 1 
sII
30
T h i o b e n z a n i l i d e -C-NH- 19
S - s u l f o  c y s t e i n e - C - S -S 0 3"
?,
11
Sodium d i e t h y l d i t h i o c a r b a m a t e - c - s
s11
10
Z in c  d i b e n z y l d i t h i c c a r b a m a t e - c - s
sII
10
T h io u re a N-C-N 9
D ip h e n y l th io c a r b a z o n e -c=s 8
B ovine  b lo o d  serum  a lbum in c - s - c ,  c - s - s - c 1
C y s te in e -C-SH 0
C y s t in e - c - s - s - c - 0
C y s t e i c  a c id -C -S 0 2 0H 0
G l u t a t h io n e -C-SH 0
Me t h i o n i n e - c - s - c - 0
- 8-
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Sraittenberg et dl. (8) proposed a method for the 
determination of sulfide, sulfite, thiosulfate, polysulfide, 
elemental and organically bound sulfur in soil by reaction with 
tin and hydrochloric acid. However, they gave no indication of 
the nature of the organically bound sulfur, or of the relative 
contributions of the inorganic and organic forms to the 
fraction determined.
The method of Smittenberg et at. (8) was therefore 
investigated to gain an indication of the amounts of organic 
sulfur reduced by this procedure, and to examine the 
possibility of its use for the determination of inorganic 
sulfide in soil for which no satisfactory method exists.
EXPERIMENTAL
Soils
The 0-10 cm layers of 12 soils derived from a range of 
parent materials were collected from different localities in 
New South Wales. In addition a krasnozem profile was sampled 
to a'depth of 120 cm. The samples were air dried and finely 
ground (<30 mesh) before use.
Methods
(a) Tin-hydrochloric acid reducible sulfur
Sulfur reducible by tin and hydrochloric acid was 
determined by the method described by Smittenberg et al. (8) 
using 1 g of soil instead of 0.2 g. The apparatus used and 
method of addition of hydrochloric acid were as described for
- 10-
th e determination of carbon bonded sulfur (3). Hydrogen 
sulfide evolved was collected in zinc acetate solution and 
determined as methylene blue (4).
(b) Inorganic sulfate
Adsorbed plus soluble sulfate was extracted from soil 
with a calcium chloride-calcium dihydrogen phosphate solution 
which was 0.01 M with respect to calcium and contained 
1000 ppm phosphorus. Sulfate in the extract was determined by 
the method of Johnson and Nishita (4).
(c) Sodium hydroxide extractable sulfur
Sulfur was extracted from 10 g sub-samples of soil by 
shaking with 50 ml of 0.5 N sodium hydroxide solution under 
nitrogen for 24 hours. The suspensions were centrifuged at 
14,350 x g for 15 minutes and filtered through a Whatman No.42 
filter paper. Part of the filtrate was then centrifuged at 
100,000 x g for a further 3 hours.
The extracts were separated into humic and fulvic acids as 
described previously (2). The humic acid was re-dissolved in 
alkali so that it could be transferred easily for analysis.
(d) Total sulfur
Total sulfur in soil was determined by the sodium 
bicarbonate-methylene blue method (7).
(e) Total nitrogen
This was determined by a Kjeldahl procedure using selenium
as a catalyst (5) .
- 11-
RESULTS
In the 12 surface soils examined sulfur reduced by tin 
and hydrochloric acid (Sn-HCl reducible sulfur) ranged from 
3.3 to 30.8 ppm and accounted for an average of 2.8% of the 
able 1) total sulfur (see table 1). This fraction was strongly 
correlated with total sulfur (r = 0.99), the difference 
between total sulfur and inorganic sulfate (r = 0.99) and with 
total nitrogen (r = 0.93).
In the profile samples Sn-HCl reducible sulfur decreased 
with increasing depth in the profile and was highly correlated 
with total nitrogen (r = 0.96), but not with total sulfur.
The poor correlation with total sulfur was probably due to the 
large amounts of adsorbed sulfate in the profile, which 
increased markedly with depth (table 2), because the Sn-HCl 
reducible sulfur was highly correlated with the difference 
between total sulfur and inorganic sulfate (r = 0.96).
able 2)
Sodium hydroxide solution (under nitrogen) extracted 
Sn-HCl reducible sulfur, but the insoluble residue after high 
speed centrifugation also contained a significant amount. The 
total amount in the extract and residue was greater than that 
in the original soil (table 3). The larger amount reduced may
'able 3)
have been due to dispersion of the soil by sodium hydroxide 
which thus enabled more complete reaction of the soil sulfur 
with the reducing agent. In addition the treatment of soil 
with sodium hydroxide may have brought about transformation of
- 12-
the sulfur compounds which enabled their reduction by tin and 
hydrochloric acid. In the extracts Sn-HCl reducible sulfur 
was found in both humic and fulvic acids (table 3).
No change occurred in the Sn-HCl reducible sulfur in the 
sodium hydroxide extracts when they were shaken with pure 
oxygen for 24 hours (table 3). This fraction, however, did 
increase when the extracts were boiled for 18 hours in the 
presence of air, and decreased when heated at pH 7, or when 
subjected to acid hydrolysis (table 3). During acid hydrolysis 
of the sodium hydroxide extracts approximately 5 ppm of sulfur 
was evolved as hydrogen sulfide.
Tin and hydrochloric acid reduced certain inorganic and 
organic sulfur compounds to hydrogen sulfide (table 4). Only 
in a few cases was the sulfur completely reduced to hydrogen 
sulfide, but a large number were partially reduced.
Die 4)
DISCUSSION
With the exception of the calcareous sand (soil 12), which 
contained 210 ppm S as insoluble inorganic sulfate associated 
with calcium carbonate, at least 96% of the sulfur in the 
surface soils studied was in organic forms. In addition over 
98% of the nitrogen in these soils was organic and, therefore, 
the high correlations between Sn-HCl reducible sulfur and total 
sulfur, total nitrogen, and the difference between total sulfur 
and inorganic sulfate, suggest that most of the Sn-HCl 
reducible fraction is organic. This suggestion is further
- 13-
supported by data from the soil profile where again Sn-HCl 
reducible sulfur was highly correlated with the difference 
between total sulfur and inorganic sulfate, and total nitrogen.
Since inorganic sulfide might increase with increasing 
depth in the profile as the possibility of anaerobic conditions 
increases, it could be expected that Sn-HCl reducible values 
might also increase. The Sn-HCl reducible values, however, 
decreased with depth, further suggesting the organic nature of 
this fraction.
Sodium hydroxide extraction of soils provided further 
evidence of the likely organic nature of this fraction. The 
Sn-HCl reducible sulfur occurred in both fulvic and humic 
components of the extract after high speed centrifugation to 
remove inorganic compounds or complexes. Any dissolved 
inorganic sulfide should be present in the fulvic acid fraction 
only, and would be oxidised to sulfate by exposure to oxygen 
(1). However, no change was evident when the extracted 
material was shaken with oxygen for 24 hours.
The reducible fraction increased when the sodium hydroxide 
extracts were boiled overnight. This may have been due to 
production of compounds such as S-sulfo cysteine from cystine 
during alkali treatment (6).
The reaction of model compounds with tin and hydrochloric 
acid suggests that the C = S bond is particularly susceptible 
to reduction by this procedure, but the reaction did not
- 14-
quantitatively reduce this bond in all of the compounds 
studied. It is not a specific reagent for this grouping as it 
reduces, at least partially, the sulfur in S-sulfo cysteine.
The results indicate that tin and hydrochloric acid 
reduce some organic sulfur compounds in soil, but the nature 
of these is uncertain. Most of the sulfur reduced in the 
soils studied appeared to be organic, and because of this the 
procedure is unsatisfactory for the determination of inorganic 
sulfide in soils, except perhaps in sub-soils where organic 
matter is low.
SUMMARY
An investigation was made of the nature of the soil 
sulfur reduced to sulfide by reaction with tin and hydrochloric 
acid. The results indicate that these reagents reduce some 
organic sulfur in soil but the nature of this is unknown. Much 
of the reducible sulfur was extracted from soil with sodium 
hydroxide solution and was distributed between both the fulvic 
and humic acid fractions.
The reduction of soil with tin and hydrochloric acid 
appears unsatisfactory for the determination of inorganic 
sulfide in soils containing organic sulfur.
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Little information is available on the nature 
of organic sulfur compounds in soil or on the 
biochemical changes occurring when sulfur ferti­
lizers are added to soil.
Most of the sulfur in the surface layers of 
many agricultural soils of the humid regions ap­
pears to be organic (8), and recent work has 
indicated that this sulfur can be divided into 
two distinct fractions, (a) organic sulfur directly 
bonded to carbon and reducible to inorganic 
sulfide with Raney nickel (7), and (b) organic 
sulfur which is not bonded directly to carbon 
and is reduced to hydrogen sulfide by hydriodic 
acid (3). Fraction (a) would include the sulfur 
of cysteine, cystine and methionine and fraction 
(b) is believed to consist mainly of ester sulfates.
However, Lowe and De Long (7) found that 
these two fractions did not account for all of the 
organic sulfur in certain Quebec soils, and they 
suggested that there may have been conversion 
of carbon bonded sulfur to non-reducible forms 
during extraction.
In a preliminary investigation of the carbon 
bonded sulfur method, we found that the re­
covery of methionine sulfur from Australian 
soils was low (36-97%). This paper reports the 
results of an investigation into reasons for the 
poor recovery of carbon bonded sulfur from soil 
and attempts to account for the discrepancy be­
tween the sum of the reducible fractions and the 
total sulfur in soil.
MATERIALS AND METHODS
Soils
The 0-10 cm. layers of fifteen soils derived 
from a range of parent materials were collected 
from different localities. The samples were air- 
dried and finely ground before use.
Reagents
All chemicals used were of analytical reagent 
quality.
(a) Nitrogen. “Oxygen free” nitrogen was
passed through a wash solution contain­
ing 5-10 per cent mercuric chloride and 2 
per cent potassium permanganate to re­
move reduced sulfur compounds.
(b) Water. All water used in the preparation 
of reagents was free from copper.
(c) Catalysts. Three different methods were 
used for the preparation of Raney nickel:
(a) The catalyst was prepared by the 
method of Granatelli (4).
(b) Raney nickel containing different 
amounts of hydrogen (9) was pre­
pared by adding 0.1 to 2.0 g of 
Ni-Al alloy (B. D. H. Poole Eng­
land) to 1.25 N sodium hydroxide 
solution in the ratio of 1:25, in a 
25 ml. Erlenmeyer flask, at such a 
rate that the temperature did not 
rise above 25° C. The mixture was 
allowed to stand at ~20° C for 2 
hours and was then heated in a 
water bath at either 50° C or 80° 
C for one hour. After heating, the 
nickel was allowed to settle and 
the supernatant liquid was de­
canted. The nickel was washed 
three times with distilled water and 
used immediately.
(c) The catalyst was produced during 
reaction of the soil with sodium 
hydroxide and Ni-Al alloy as de­
scribed by Lowe and De Long (7).
All other reagents were prepared by the meth­
ods of Johnson and Nishita (5).
Apparatus
A modification of the digestion-distillation 
unit described by Johnson and Nishita (5) was 
used for the Raney nickel reduction and distilla­
tion of hydrogen sulfide. A 150 ml. round bottom 
flask was used in place of the 50 ml. flask with 
side arm. Nitrogen gas and hydrochloric acid 
were introduced into the unit by separate glass 
tubes inserted in the side of the condenser. The
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ydrochloric acid was added by means of a 
ypodermic syringe inserted through a rubber 
topper plugged into one of these glass tubes.
Methods
(a) Carbon bonded sidfur (Lowe and De 
Long, 7). A 0.1-0.5 g. sample of soil was 
placed in the digestion flask and approxi­
mately 0.1 g. Ni-Al alloy, 5 ml. of 5 per 
cent sodium hydroxide solution and about 
25 ml. distilled water were added. The 
nitrogen stream was connected to the side 
arm of the flask and the flask clamped to 
the condenser. The mixture was digested 
over a low flame for 30 minutes.
After the flame was removed and the 
flask cooled, excess HC1 (e.g. 5 ml. 1:1 
HC1) was added rapidly to the flask. The 
flask was reconnected to the distillation 
unit, the distillation continued for 30 
minutes, and the hydrogen sulfide col­
lected in zinc acetate solution. Finally, 
the methylene blue color was developed 
in the collection vessel using p-amino- 
dimethylaniline and ferric ammonium sul­
fate as described by Johnson and Nishita 
(5).
It was found to be more convenient to 
add the hydrochloric acid via a hypo­
dermic syringe inserted into the conden­
ser. This also reduced the risk of hydrogen 
sulfide loss during acid addition.
(b) Hydriodic acid reducible sulfur. A 0.1 g. 
sample of soil was reacted with 4 ml. of a 
reducing mixture consisting of hydriodic 
acid (S.G. 1.7), formic acid (90 per cent) 
and hypophosphorous acid (50 per cent) 
in the ratio of 4:2:1 (v/v) using the 
apparatus and reagents described by 
Johnson and Ulrich (6). Attempts were 
made to increase the value obtained for 
this fraction by treating 0.1 g. of soil in a 
2 ml. plastic crucible with 1 ml. of 40 per 
cent HF at 100° C for 2 hours or with 1 
ml. of 5 N HF:1 N HC1 at 20° C for 24 
hours. The acid was removed in vacuo 
at 20° C and the residue reacted with re­
ducing mixture as described above.
(c) Total sulfur was determined by the so­
dium bicarbonate-methylene blue method 
( 12) .
RESULTS
Recovery of added methionine sulfur 
from soil
When Lowe and De Long’s procedure (7) was 
applied to mineral soils, low recoveries of added 
sulfur were obtained (table 1), particularly from 
the chocolate soil. Pretreatment of the soils with 
sodium hypobromite to destroy organic matter 
did not improve the recovery of sulfur. Although 
the hypobromite treatment was designed to re­
move organic nitrogen from soil (2), it did not 
completely remove the carbon bonded sulfur 
from these soils (See table 1). Tests with di- 
phenylamine, before attempting the recovery ex­
periments on the oxidized soils, showed that all 
traces of the soluble oxidizing agent had been 
removed by washing with distilled water and 
thus could not have affected the determination.
Effect of inorganic soil constituents
Full recovery of added methionine sulfur was 
obtained when 1.5, 15, 25 or 50 mg. of kaolinite 
or montmorillonite was substituted for 100 mg. 
soil.
Analyses of the solutions remaining in the 
digestion flasks after completion of the carbon 
bonded sulfur determination on soils showed 
that significant quantities of iron, silicon, ti­
tanium, manganese, calcium, copper, chromium, 
and vanadium were present. Oxidation of the 
soils with sodium hypobromite prior to the de­
termination of carbon bonded sulfur increased 
the iron content of the solutions by 10 to 20 per
TABLE 1
Recovery of sulfur, added as methionine, from two 
mineral soils by Lowe and De Long's 
procedure (7)
Soil Pretreatment
Carbon 
Bonded 
Sulfur in 
Soil
(ppm. S)
Methi­
onine 
Sulfur 
Added 
(ppm.  S)
Sulfur
Recovered
adde°d 
0)  S)
Podzolic 60 160 156 97.5
320 309 96.6
Nil
Chocolate 33 160 57 35.6
320 221 69.1
Podzolic Oxidation with 5 320 292 91.3
NaOBr
Chocolate 12 320 218 68.1
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cent but had little or no effect on the other ele­
ments.
Addition of up to 50 mg. silicon (as Na2Si03), 
50 mg. calcium (CaCl2), 30 mg. magnesium 
(MgCl2), 27 mg. titanium (TiCls), 21 mg. 
chromium (CrCL), 1 mg. copper (CuCl2) and 
0.2 mg. vanadium (VS04) to the digestion flask 
did not affect the determination of methionine 
sulfur by Lowe and De Long’s procedure. The 
amounts of these elements added were selected 
to cover the concentration range in which they 
would normally occur in soils.
However, amounts of ferric iron in excess of 
6.5 mg. and manganous ion in excess of 8.5 mg. 
interfered seriously with the determination of 
methionine sulfur (see figs. 1 and 2). Addition 
of haematite, limonite, ferric oxide (B.D.H) and 
synthetic haematite (up to the equivalent of 
35 mg. Fe+++) also reduced the recovery of sulfur 
but not as severely as ferric iron in solution. The 
differences between the oxides and ferric iron 
may have been due to differing rates of solution 
of the oxides in acid and thus the different
amounts of ferric iron in solution. Manganese 
dioxide reduced the recovery of sulfur more 
than did manganous ion (fig. 2).
Mechanism of interference by iron 
and manganese
(a) The effect of addition of iron and manga­
nese under varying conditions, on the reduction 
of methionine sulfur, is shown in figs. 1 and 2.
Ferrous iron added to the reaction flask be­
fore alkaline reduction affected the determination 
in the same manner as equivalent amounts of 
ferric iron (fig. 1). If oxygen was removed from 
the solutions in vacuo before addition of ferrous 
iron, the interference was markedly reduced (see 
fig. 1). When ferrous or manganous ions were 
added after the alkaline reduction but immedi­
ately before acidification to liberate hydrogen 
sulfide, full recovery of sulfur was obtained (figs. 
1 and 2). Ferric iron added at this stage of the 
procedure however, markedly affected the de­
termination, i.e. it interfered after the sulfur had 
been converted to nickel sulfide.
_________________ 1_________________ I_________________ i_________________ i_________________ | _
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F ig . 1. Effect of iron on the determination of carbon bonded sulfur by nickel alumnum 
alloy under alkaline reducing conditions (32 ng. S taken). A, Fe++ added after reduction; 
□ , Fe++ added to de-aerated system before reduction; ▼, Fe++ added before reductioi; • ,  
Fe+++ added before reduction; ■, Fe+++ added after reduction.
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MANGANESE ADDED (mg)
F ig . 2 . Effect of manganese on carbon bonded sulfur determination under alkaline re­
ducing conditions (32 fig. S taken). A, Mn++ added after reduction; X, Mn++ added before 
reduction; O. MnOs added before reduction.
(b) Attempts were made to carry out the de­
termination under acid reducing conditions in 
order to determine whether the interferences 
was due to the formation, under alkaline condi­
tions, of insoluble iron and managnese hydrox­
ides which could occlude sulfur or poison the 
catalyst.
Table 2 shows that all of the methionine sulfur 
was determined when 1 g. of Ni-Al alloy was 
used with either 15, 20 or 30 ml. of 6 N hydro­
chloric acid added in 5 ml. portions at 10 minute 
intervals.
When 0.1 g. instead of 1 g. alloy was used, only 
12.7 of the 32 pg. sulfur was determined as 
methylene blue, and the amount determined was 
decreased even further by the addition of ferric 
and manganous ions (see fig. 3). Interference 
from ferric iron was still marked if 1 g. alloy and 
15 ml. acid were used, but complete recovery of 
sulfur was obtained even in the presence of 
ferric and manganous ions, when 1 g. alloy and 
30 ml. acid ( 6 X 5  ml.) were used (see fig. 3). 
Apparently it was necessary to use a large 
amount of alloy and to add the acid slowly so 
as to provide a continuous supply of hydrogen
to reduce the sulfur and overcome the interfer­
ence.
(c) Under alkaline reducing conditions, inter­
ference by iron and manganese could be elimi­
nated either by increasing the amount of cata-
TABLE 2
Effect of digestion time and manner of addition of 
6 N HCl on sulfur determined by Ni-Al alloy 
(1 g.) under acid reducing conditions. 32 yg.
S as methionine added
Volume and Manner of Addition
Sulfur Determined after 
Digestion for 30, 60 or 
120 Mins. ( y g .  S )
30
mins.
60
mins.
120
mins.
10* 1.6 4.8 4.6
5* -1- 5 14.4 16.3 —
15* 4.0 11.6 14.6
5* +  5 +  5 16.1 32.5 —
20* 4.6 13.0 14.9
5* +  5 +  5 +  5 — 31.5 —
30* 5.0 14.8 14.8
5* +  5 +  5 +  5 +  5 +  5 — 32.0 —
* Added quickly a t commencement of heating; the  subse­
quent 5 ml. additions were added a t 10 m inute intervals.
— N ot determ ined.
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IRON OR MANGANESE ADDED (mg)
Fig. 3. Effect of iron and manganese on the determination of sulfur by nickel aluminum 
alloy under acid reducing conditions (32 yg. S taken). X, Mn++, O Fe+++; 1 g. alloy, 6 X 5  
ml. additions of acid; • ,  Fe+++, 1 g. alloy, 3 X 5  ml. additions of acid; A, Mn++, 0.1 g. alloy, 
5 X 1  ml. additions of acid; □, Fe+++, 0.1 g. alloy, 5 X 1  ml. additions of acid.
lyst used or by increasing the amount of hy­
drogen on the catalyst (see table 3).
When 0.15 g. catalyst at 80° C was used in the 
presence of ferric iron, only 29 fig. S was de­
termined as sulfide and the remaining 3 f i g .  S
TABLE 3
Effect of iron, manganese, amount and type of 
catalyst* on the determination of carbon bonded 
sulfur. S2 yg. S as methionine taken
Wt. Catalyst 
Taken (g.)
Catalyst
Preparation
Temper­
ature
(°C.)
Sulfur Determined ( j ig . S)
No metal 
ions 
added
5.5 mg. 
Mn++ 
added
16.8 mg. 
Fe++*
added
0.05 80 26 17 6
0.05 50 29 24 8
0.1 80 32 32 22
0.1 50 32 32 29
0.15 80 32 32 29
0.15 50 32 32 32
0.2 80 32 32 32
0.2 50 32 32 32
* Catalysts prepared a t 80° and 50° C contain approximately 
40 and 120 ml. hydrogen per g. of catalyst respectively (9).
was recovered from the digestion flask as sul­
phate.
(d) As iron and manganese interfered under 
both acid and alkaline reducing conditions it ap­
pears that the interference was not due to the 
formation of insoluble iron and manganese hy­
droxides.
The fact that interference by ferrous iron 
could be reduced by removal of oxygen, and 
that interference due to iron or manganese 
could be overcome by increasing the weight of 
catalyst or the amount of hydrogen on the 
catalyst, suggests that these elements were inter­
fering through their ability to participate in 
oxidation-reduction reactions. The recovery of 
all of the organic sulfur as either sulfide or sul­
fate in the presence of the interfering elements, 
and the marked interference by ferric iron after 
the alkaline reduction phase shows that these 
elements did not interfere with the splitting of 
the carbon sulfur bond. The low results appear 
to be caused by the oxidation of sulfide to sulfate
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TABLE 4
Determination of carbon bonded sulfur in a chocolate 
soil as affected by amount and type of catalyst
Catalyst Weight (g.)
Catalyst Type 0.1 0.3 0.5 1.0 1.5 2.0
Sulfur Determined (ppm. S)
Ni-Al A llo y ... .  33 52 67 73 73 73
Pre-activated
catalyst (4)... 32 52 70 73 73 73
when the reaction mixture is acidified. Manga­
nese dioxide apparently interfered by producing 
manganic ions and chlorine gas on solution in 
hydrochloric acid (10). Manganous ion may 
have interfered by the same mechanism because 
it is readily transformed into manganese dioxide 
under alkaline conditions.
Mn++ -f- V2 O2 “b H2O Mn02 2H-f-
Eßect of amount of catalyst
Increasing the amount of the Ni-Al alloy from 
0.1 to 1 g. under alkaline conditions increased 
the amount of carbon bonded sulfur determined 
in a chocolate soil, but further increases in alloy 
had no effect (see table 4). Similar increases 
were observed with five other widely different 
soil types. It was necessary to add extra alkali 
at the beginning of the experiment to react with 
the increased alloy. As this extra alkali may 
have been the cause of the higher values obtained 
the experiment was repeated using preactivated 
catalyst (4) and a constant amount of 5 per cent 
NaOH. Table 4 shows that similar results were 
obtained for both experiments.
Eßect of reduction and extraction times
Increasing the reduction time from 30 minutes 
to 18 hours increased the Raney nickel reducible 
sulfur in the chocolate soil from 52 to 84 ppm. 
S when 0.3 g. Ni-Al alloy was used. If 1 g. of 
alloy was used a maximum value of 100 ppm. 
was reached after 3 hours (see table 5).
Varying the amount of alkali added from 15 
ml. of 5 per cent sodium hydroxide to 35 ml. 
had only a small effect on the determination 
when 1 g. alloy was used.
The soil was extracted for various time periods 
under similar conditions to those operating in 
the digestion-distillation unit (7) (but without
catalyst) and the amount of sulfur in solution at 
the various times was determined. Total sulfur 
determinations showed that 264 of the 268 ppm. 
S was extracted in 6 hours, and that extending 
the extraction time to 18 hours did not result 
in increased extraction (see table 6).
When these sodium hydroxide extracts were 
analyzed for carbon bonded sulfur, it was found 
that the maximum value was obtained after 3-6 
hours extraction and that the value obtained de­
pended on the amount of alloy used and on the 
amount of sodium hydroxide present (see table 
6) .
The maximum value obtained with the ex­
tracts was the same as that obtained in the 
presence of the soil, but higher values were ob­
tained with the extracts during the first two 
hours (compare tables 5 and 6).
TABLE 5
Effect of reduction time, and amounts of Ni-Al alloy 
and 5 per cent NaOH on carbon bonded sulfur 
determination in a chocolate soil
Weight 
of Alloy
(g )
Volume of ■ 
NaOH 
(ml.)
Reduction Time (hours)
0.5 1 2 3 6 13 18
Sulfur Determined (ppm. S)
0.3 5 52 56 66 76 80 83 84
1.0 15 59 78 85
1.0 18.5 73 81 90 100 100 100 100
1.0 20 77 93 100 100 100
1.0 25 76 93 101 100
1.0 30 76 93 100 101
1.0 35 76 93 100 100
TABLE 6
Effect of extraction time and catalytic conditions on 
carbon bonded sulfur in NaOH extracts* of a 
chocolate soil
Extraction Time (hours)
Sulfur Fraction and 
Catalytic Conditions! 0.5 1 2 3 6 13 18
Sulfur Determined (ppm. S)
Carbon bonded Sulfur
0.3 g. alloy......................
1.0 g. alloy +  extra 13.5
62 68 82 86 86 86 86
ml. N a O H ...................
1.0 g. alloy extra +  18.5
62 68 82 90 100 100 100
ml. N aO H ................... 84 88 96 100 100 100 100
Total Sulfur....................... 146 204 225 240 264 264 264
* 0.1 g. soil heated with 25 ml. water and 5 ml. 5% NaOH  
solution under N 2 .
t Ni-Al alloy, 5% NaOH.
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TABLE 7
Effect of increasing the amount of alkali on the
determination of carbon bonded 
soil extracts*
sulfur in
5%  NaOH Added (ml.)
Soil Extracted 0 5 10 15 20
Sulfur Determined (p p m . S )
Chocolate. . . 86 96 115 115 115
Podzolic........ 122 144 144 144 144
Krasnozem . . 136 149 160 176 176
* 30 ml. of 6 hr. NaOII extracts, Ni-Al alloy, 30 
minutes reduction.
Effect of amount of alkali
Increasing the amount of alkali in excess of 
that needed to react with the alloy had a 
marked effect on the determination of carbon 
bonded sulfur in soil extracts (see table 7). The 
largest increase of 40 ppm. S was obtained with 
the extract of the krasnozem when an extra 15 
ml. of 5 per cent sodium hydroxide was added. 
With a fixed amount of extra alkali, varying the 
volume of the solution in the digestion flask 
from 35 to 50 ml. for the podzolic soil, or from 
40 to 50 ml. for the chocolate soil, by addition 
of water, had no effect on the determination.
Reactivity of different sulfur compounds
While Raney nickel reduced the sulfur in a 
large number of organic sulfur compounds it 
did not reduce the carbon bonded sulfur of 
methionine sulfone, cysteic acid or taurine to 
inorganic sulfide (see table 8). In addition, 
Raney nickel reduced, to inorganic sulfide, the 
sulfur in many inorganic compounds and the 
sulfur in organic compounds, such as cysteine-S- 
sulfonate, which was not bonded to carbon (see 
table 8). It did not, however, reduce the ester 
sulfate group of heparin in which the sulfur is 
not bonded to carbon.
Thus it was apparent that the Raney nickel 
method was not specific for sulfur bonded to 
carbon and did not determine all of the sulfur 
directly linked to carbon.
Carbon bonded sulfur in soil
Assuming that the hydriodic acid method (3) 
determined all the sulfur which was not bonded 
to carbon then the difference between total soil
sulfur and hydriodic acid reducible sulfur would 
be a measure of carbon bonded sulfur. Treat­
ment of the soil with hot 40 per cent hydrofluoric 
acid to dissolve silicates and release any sulfur 
protected from reaction with hydriodic acid had 
in most cases little effect on hydriodic acid re­
ducible sulfur (see table 9). Therefore the values 
presented in Table 9, columns 5 and 6 must be 
close to the value for total carbon bonded sulfur 
in these soils. Values obtained by Lowe and De 
Long’s method (7) (column 7) accounted for a 
mean of 12 per cent instead of the mean value of 
50 per cent of the total sulfur obtained by dif­
ference (see table 9, column 6). Even when inter­
ferences due to iron and manganese were over­
come and optimum conditions for the Raney 
nickel reduction were used only 30 per cent of 
the total sulfur was determined (see table 9, 
column 8). However in some cases (e.g. Humic 
gley soil, Red podzolic soil and Yellow podzolic 
soil 1), the value determined agreed closely 
with the calculated value.
TABLE 8
Apparent content of carbon bonded sulfur in various 
sulfur compounds using N i-A l alloy and 
5 per cent NaOH
Sulfur Compound Sulfur Grouping
Apparent 
Carbon 
Bonded 
Sulfur 
(Mg- S ) 
(32 jig.
S taken)
Elem ental su lfu r............... Ss 32
Sodium thiosulfate........... S2Oj- 32
Sodium dithionite*.......... S2O4- 18
Sodium m etabisulfite. . . . S2O6- 32
Sodium sulfite*................. SO2- 31
Sodium su lfa te .................. so « - 0
Potassium  th iocyanate ... SC N - 32
Sulfamic acid*................... N —SO3- 14
Allyl isothiocyanate......... —NCS 31
Diphenylthiocarbazone... C = S 31
Thioacetam ide................... c = s 32
M ethionine......................... —C—S - C H j 32
M ethionine sulfoxide....... —C—SO—C H i 32
Methionine sulfone........... —C—SO 2—C H i 0
C ystine................................ —c —s - s —c — 32
Cystine sulfinic a c id ....... —C—SO—O H 32
Cysteic ac id ....................... —C—SOj—OH 0
Cysteine S-sulfonate........ —C - S —SO2—OH 32
T aurine............................... —C—SO2—OH 0
Toluene p-sulfonic acid .. —C—S O a-O H 31
1:2 Naphthaquinone-4-
sulfonic a c id ................... —C—S 0 2—OH 32
H eparin .............................. —C—O—SOj—OH 1
* Oxygen removed from water by  evacuation before addition 
of chemicals.
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TABLE 9
Total, hydriodic acid reducible and carbon bonded sulfur in soils or soil extracts.
(ppm. S )
1 2 3 4 5 6 7 8
Total S 
in Soil
Total S 
Extracted 
in 6 hours
HI Reducible S 
in Soil
Carbon Bonded S 
(by difference) Carbon Bonded S
Carbon 
Bonded S 
Extracted 
in 6 
hours
Direct
Deter­
mination
After 
treatment 
with HF
1-3 1-4
in Soil 
(Lowe & De 
Long, 7)
dpine H um us..................................  441 438 193 203 248 238 61 138
Rack Eiarth............................. ......... 386 332 156 207 230 179 50 120
Calcareous Sand..................... ......... 1,400 1,304 706 667 694 733 102 314
Ihocolatte Soil 1....................... ........  330 332 150 190 180 140 42 82
Ihocolatte Soil 2................................  268 264 102 123 166 135 33 115
lumic (Gley Soil..............................  60 64 38 37 22 23 11 24
Srasnoz'.em 1.....................................  194 200 63 72 131 122 33 71
Xrasnoziem 2............................. ........  534 496 253 308 281 226 51 130
irasnoz'.em 3.....................................  795 740 446 436 349 359 82 214
irasnoz'.em 4.....................................  1,100 998 560 590 540 510 111 258
ded Earrth.........................................  167 166 58 73 109 94 24 70
ded Pocdzolic Soil.................... ........  125 122 52 60 73 65 16 68
ifellow IPodzolic Soil 1.....................  108 120 58 59 50 49 14 54
i'ellow IPodzolic Soil 2.....................  211 216 74 82 137 129 50 101
ifellow IPodzolic Soil 3.....................  264 266 88 110 176 154 60 144
dean ppm .........................................  426 200 214 226 212 49 127
dean (ais % of total)........................  100 47 50 53 50 12 30
DISCUSSION
Increasing the amount of Ni-Al alloy in at­
tempts to overcome iron and manganese inter­
ference increased the amount of carbon bonded 
sulfur determined in a number of soils. These 
values were increased even further by increasing 
the reaction time or by extracting the soil sulfur 
with sodium hydroxide before carrying out the 
reduction. Thus it appeared that sulfur com- 
poundls in soil would only react with the catalyst 
if they were dispersed in sodium hydroxide. This 
is in agreement with the conclusions of Bonner 
and Grimm (1) who stated that the sulfur com­
pounds must be in close proximity to the catalyst 
surface before reduction can take place.
The amount of alkali present also appeared to 
be important, but even when all of the variables 
were adjusted to the apparent optimum levels 
it was found that there was still a discrepancy 
between the determined and the calculated val­
ues (Total S — HI reducible S) for carbon 
bonded sulfur in soil. I t was apparent from the 
study on the reducibility of various sulfur com­
pounds that the Raney nickel method would not 
reduce the carbon-bonded sulfur of aliphatic 
sulfones or sulfonic acids (such as methionine 
sulfone and cysteic acid) to sulfide. Thus if these
or similar compounds occur in soil they will not 
be determined by this method. It is also impor­
tant to note that Raney nickel will reduce the 
sulfur in a range of inorganic sulfur compounds 
as well as carbon bonded sulfur. However, apart 
from elemental sulfur added as fertilizer it is 
unlikely that appreciable quantities of these in­
organic forms will be found.
I t  is well known that sodium hydroxide can 
cause changes in organic sulfur compounds (11, 
13, 14) and these changes may occur during the 
extraction of sulfur from soil before it can react 
with the nickel catalyst. For example, cysteine 
may be converted to cysteic acid, cystathionine, 
cysteine-S-sulfonate and other sulfur compounds 
by reaction with sodium hydroxide (11). As 
pointed out above, cysteic acid sulfur would not 
be determined by the Raney nickel procedure, 
and thus while cystine sulfur was completely 
recovered when reacted with the Raney nickel 
in the presence of alkali (table 8) it may not be 
recovered if it is boiled in alkali for a period 
before addition of the catalyst.
It can be seen that the Raney nickel method 
as originally proposed (7) for the determination 
of carbon bonded sulfur in soil has many defi­
ciencies. With our present knowledge there ap-
318 FRENEY, MELVILLE AND WILLIAMS
pears to be little hope of remedying this situation 
until a method can be found for extracting all 
of the sulfur from soil in an unchanged condition.
SUMMARY
The results show that iron and manganese 
interfere with the determination of carbon 
bonded sulfur, through their ability to partici­
pate in oxidation-reduction cycles, and that the 
interference can be overcome by increasing the 
reducing power of the catalyst.
Reduction time, amount of alkali and solubil­
ity of the sulfur markedly affected the deter­
mination of carbon bonded sulfur in soil. The 
Raney nickel method was not specific for sulfur 
bonded to carbon and did not determine the car­
bon bonded sulfur in aliphatic sulfones or ali­
phatic sulfonic acids.
Even when optimum conditions for reduction 
were used, hydriodic acid- and Raney nickel- 
reducible sulfur did not account for all of the 
sulfur in many of the soils studied.
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EXTRACTION, CHEMICAL NATURE,
AND PROPERTIES OF SOIL ORGANIC SULPHUR
By J. R. FRENEY, G. E. MELVILLE and C. H. WILLIAMS
Organic sulphur in soil appeared to be stable in mildly alkaline solutions at 20°, and thus reagents such as bi­
carbonate or the sodium form of a chelating resin may be used for the partial extraction of organic sulphur 
in a chemically unmodified form. More complete extraction of organic sulphur from soil could be achieved 
by the use of sodium hydroxide solutions at pH 12-6, but degradation of humic acid sulphur to fulvic acid 
sulphur and conversion of organic sulphur to inorganic sulphur occurred in both hot and cold hydroxide 
solutions at this pH. A comparison of N : S ratios and percentages of reducible sulphur in soils and ex­
tracts suggested that none of the reagents studied extracted a sample of organic matter that was fully repre­
sentative of the organic matter in soil. The results confirm that most of the sulphur in these surface soils is 
organic and that there is very little inorganic sulphate present.
Sulphur that could be reduced by hydriodic acid occurred in compounds of both high and low molecular 
weight but data obtained from extraction with bicarbonate and the chelating resin suggested that much of 
the reducible sulphur occurred in the high molecular weight fraction of soil organic matter.
Introduction
Total sulphur in the surface horizons of many agricultural 
soils is strongly correlated with organic nitrogen and organic 
carbon1'2 and very little inorganic sulphur can be extracted as 
sulphate or hydrogen sulphide.2 This, and evidence on 
N :S ratios3 has led to assumptions that most o f the sulphur in 
such soils is organic.4’5
Few attempts have been made to determine the chemical 
nature of organic sulphur in soil.2’6-7 Shorey8 isolated tri- 
thiobenzaldehyde from soil, and sulphur-containing amino 
acids have been reported to occur free in soil in small 
quantities9 and in acid hydrolysates of soil and soil organic 
matter preparations.10 Reduction studies with hydriodic 
acid suggested that a significant fraction of the sulphur in soil 
was present as organic sulphates, and when boiling sodium 
hydroxide was used in an attem pt to extract this material 
it was found that most of the reducible sulphur occurred in 
the fulvic acid fraction.2
Little progress in elucidating the exact nature of this 
sulphur can be expected until a method is found which will 
separate the organic matter from the inorganic material in 
soil without change. While a number of reagents have been 
proposed for this, none has yet proved successful.
Previous work2 showed that reducible organic sulphur could 
be converted to inorganic sulphate by heating the soil with 6 n 
hydrochloric acid and the results suggested that this trans­
formation also occurred, to some extent, in boiling alkali. 
Although this work suggested that the major part of the 
reducible sulphur occurred in the fulvic acid (low molecular 
weight) fraction, this may have been the result o f degradation 
of humic acid in the boiling sodium hydroxide. Again, no 
information is available on the stability of reducible sulphur 
in cold alkaline solutions—information which is required 
before a satisfactory extraction procedure can be devised.
The aim of the present w-ork was to examine the suitability 
of a number of reagents for the extraction of hydriodic acid 
reducible sulphur from soil. Attempts were made to assess 
any changes in sulphur fractions taking place during the 
extraction of the soil and during the subsequent storage of the 
extracts, so that the proportion of reducible sulphur occurring 
in compounds of high and low molecular weight could be 
assessed.
Experimental
Soi's
The 0-4 in layer of surface soil was collected from three 
different localities in southern New South Wales. It was 
air-dried and ground to pass a 2 mm mesh sieve. These soils 
were a yellow podzolic soil derived from siliceous shale, a  
yellow podzolic soil derived from granodiorite and a chocolate 
soil derived from basalt.
Extraction of sulphur
Except where otherwise indicated, all extractions were 
carried out at 20° on a reciprocating shaker.
The following reagents or procedures were tested: (a) 
chelating resin which appears to have advantages over sol­
uble complexing agents and sodium hydroxide,11’12 and has 
been reported to extract a representative portion of the organic 
matter from European soils31; (b) sodium bicarbonate solution 
at 90° used by Lowe & De Long14 for the extraction of organic 
sulphur; (c) sodium pyrophosphate solution at pH 7, and 0 5 n 
sodium hydroxide solutions which are commonly used for the 
extraction of soil organic matter; and (d) alkaline extractants 
in conjunction with an ultra-sonic treatm ent—alkaline 
acetylacetone with ultra-sonic disintegration extracted 85- 
100% of the sulphur from Scottish and Canadian soils.15
(a) The soil sample (10 g) was shaken with 3 g of wet 
Chelex 100 resin (100-200 mesh resin, sodium form, as sup­
plied by Bio-Rad Laboratories, Richmond, California, 
U.S.A.) and 48 ml of water in a 4 oz polyethylene bottle for 
periods ranging from 1 hour to 12 days. The extracts were 
centrifuged at 10,600 rev/min (14,350x ^ )  for 15 minutes and 
filtered through a Whatman No. 42 filter paper. Part of the 
filtrate was then centrifuged at 30,000 rev/min (100,000 x g )  
for an additional 3 hours.
(b) 10 g of soil were shaken with 50 ml of 0 -5 n sodium 
hydroxide solution, 0-2 N sodium bicarbonate-0-3 n sodium 
carbonate solution at pH 10-2, or with 0-1 m sodium pyro­
phosphate solution at pH 7 for varying periods. The extracts 
were filtered through W hatman No. 42 filter papers, and the 
residues were washed with water. The filtrate and washings 
were diluted to 100 ml with water.
(c) 10 g of soil were extracted for 16 hours with 200 ml 
of 0 -5 m sodium bicarbonate solution, adjusted to pH 10 with
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sodium hydroxide.14 After removal of soil by filtration part 
of the fnltrate was heated at 90° for 16 hours.
(d) Stoil samples were extracted with alkaline solutions using 
a Dawe Soniprobe in a manner similar to that described by 
Halsteaid et al.15
Analytical
Total siulphur
This was determined in soil extracts by the sodium bi- 
carbomate-methylene blue method described by Steinbergs et 
a/.16 alfter appropriate aliquots of the extracts had been 
evaporated to dryness, in 1 - 5 X 1 - 5 cm porcelain crucibles, on 
a water bath.
Inorgamic sulphate
The extract (10 ml), which had been centrifuged at 30,000 
rev/mim, was acidified to pH 1 with hydrochloric acid, and 
50 //g S as potassium sulphate and 0-2 g of sulphur-free 
charcoial were added. The mixture was stirred, allowed to 
stand Ifor 15 minutes, and then filtered through a Whatman 
No. 42 filter paper. A 2 ml aliquot of the colourless filtrate 
was analysed for inorganic sulphate by the barium sulphate 
precipiitation-hydriodic acid reduction method described by 
Freney/.17 The potassium sulphate was added to assist in the 
precipiitation of barium sulphate when only small amounts of 
inorganic sulphate were present.
Humic and fulvic acid sulphur
The pH of the soil extracts was adjusted to 1, by addition of 
hydrochloric acid, using a glass electrode assembly. The 
acidified extracts were allowed to stand for several hours and 
then filtered through a Whatman No. 42 filter paper. The 
acid-insoluble fraction, ‘humic acid’, on the filter paper was 
analysed for total sulphur by the method of Steinbergs et al.16 
The acid-soluble fraction, ‘fulvic acid’, was concentrated by 
evaporation on a sand bath, transferred to 1-5x1-5 cm 
porcelain crucibles, evaporated to incipient dryness, and total 
sulphur determined by the method of Steinbergs et al.16
Reducible sulphur
This was determined by reacting 0-1 g soil, or a suitable 
aliquot of the extract, with 4 ml of a reducing mixture, con­
sisting of hydriodic acid (sp. gr. 1 -7), formic acid (90%) and 
hypophosphorous acid (50%) in the ratio of 4:2:1 (by vol.), 
using the apparatus and reagents described by Johnson & 
Ulrich.18
Total organic sulphur
This was determined in soils by a modification of the 
method outlined by Bardsley & Lancaster,19 in which phos­
phate solution (500 ppm P) instead of the acetate solution was 
used to displace inorganic sulphate, and zinc and hydro­
chloric acid were used to remove sulphides.
Total nitrogen
This was determined on suitable aliquots of the extracts or 
on 0-5 g samples of soil by a micro-modification of the 
Kjeldahl method described by Piper.20
Results
Determinations of organic sulphur showed that 164, 260 
and 264 ppm S out of the total of 166, 264 and 268 ppm S for 
soils 1, 2 and 3 respectively was organic sulphur. Thus, it is 
apparent that most of the sulphur extracted originated from 
organic forms.
Except for the 12 day extraction with hydroxide, none of 
these procedures extracted more than 50% of the total sulphur 
(see Table I). In all cases the amount of sulphur extracted 
depended upon the alkalinity of the reagent and on the time of 
extraction. The order of extraction for a set period was 
Na4P20 7 < resin < NaHC03-Na2C03 <NaOH. The pH of 
the resin suspension, which was 10-2 at the beginning, fell 
during the extraction, whereas that of the soluble extractants 
did not change significantly.
The N :S ratios for the organic matter extracted by the alkal­
ine and neutral reagents were considerably less than the N:S
Table I
Total sulphur, total nitrogen, and N:S ratios in soils and soil extracts
ppm S and N
In extract
Soil
No. Fraction Sodiumsc 1 pyrophosphate*
Chelex
100**
Sodium
bicarbonate-
carbonate**
Sodium
hydroxide***
Chelex
100
Sodium
bicarbonate-
carbonate
Sodium
hydroxide
(1 h) (1 h) (1 h) (1 h) (12 days) (12 days) (12 days)
1 Total S 166 29 40 40 68 73 84 130
Total N 1562 193 332 277 515 588 516 974
N : S 9-4 6-7 8-3 6-9 7-6 8-1 6-1 7-5
2 Total S 264 42 50 63 113 107 123 182
Total N 2702 252 350 456 666 858 928 1388
N : S 10-2 6-0 7-0 7-2 5-9 8-0 7-5 7-6
3 Total S 268 38 35 49 75 76 106 159
Total N 2524 171 210 298 585 455 661 1190
N : S 9-4 4-5 6 0 6 1 7-8 6 0 6-2 7-5
* 7-21
**10-2 ^Initial pH. Final pH of Chelex extracts, 9-4, 9-2, 7-8 for soils 1, 2, 3 respectively
***12-6 J
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ratkos of the original soils. Relatively more sulphur than 
nitrrogen was extracted by these reagents, and the greatest 
diffcerence was obtained with the pyrophosphate extracts (see 
Tatole I).
Rediucible sulphur
Hydroxide extracted more hydriodic acid-reducible sulphur 
thain the other extractants and, in general, pyrophosphate 
extracted less (see Table II). In addition, hydroxide, in one 
houir, appeared to extract reducible sulphur at the expense of 
the other sulphur fractions. This can be seen from a com­
parison of the figures obtained when reducible sulphur is ex­
pressed as a percentage of the total sulphur in soils and extracts 
(see? Table II). The percentage reducible sulphur in the ex­
tracts more nearly approached that in the original soil when 
the extractions were continued for 12 days.
Huimic and fulvic acid sulphur
TThe acid-soluble sulphur fraction in all the extracts is 
terrmed ‘fulvic acid’ sulphur and the corresponding insoluble 
fraction is referred to as ‘humic acid’ sulphur, in accordance 
witlh common usage. However, this should not be inter­
preted as suggesting that fulvic, or humic, acids obtained from 
different extracts are, in fact, the same or even similar.
As the relative amounts of these two fractions in soil are 
unknown, it is difficult to draw firm conclusions from the 
relative amounts present in the extracts. However, the re­
sults (Table II) show that the absolute amounts and relative 
proportions of these two fractions differed from extract to 
extract. Of the 1 h extracts, hydroxide contained more 
huimic and fulvic acid sulphur than the other three. The 
othier alkaline extracts, resin and bicarbonate-carbonate, 
contained similar amounts of humic acid sulphur, and the 
extracts with the soluble reagents, pyrophosphate and bi­
carbonate-carbonate, contained similar amounts of fulvic 
aci'd sulphur. Pyrophosphate extracts contained small
amounts of humic acid sulphur, and resin extracts were very 
low in fulvic acid sulphur. The humic acid sulphurifulvic 
acid sulphur ratios varied widely, being on the average 0-60, 
1-17, 1-39 and 3-25 for the 1 h extracts with pyrophosphate, 
bicarbonate-carbonate, hydroxide and resin respectively 
(see Table II).
No changes occurred in sulphur fractions when the 1 h 
extracts with resin, bicarbonate-carbonate, and pyrophos­
phate were stored at 20° and at the pH of the respective 
extracts for 12 days. The appropriate figures for the resin 
extracts are given in Table III. However, changes did take 
place in these fractions when hydroxide and resin extracts 
were stored at pH 12 -6.
There appeared to be degradation of humic acid sulphur to 
the low molecular weight fulvic acid sulphur in these highly 
alkaline solutions. The reducible sulphur content of the 
fulvic acid fraction also increased when the highly alkaline 
solutions were stored, but there was no change in the reducible 
sulphur content of the whole extracts (see Table III).
Inorganic sulphate
Only small amounts of inorganic sulphate were present in 
the 1 h extracts with pyrophosphate, resin and bicarbonate- 
carbonate (2, 4, and 1 ppm S for soils 1, 2 and 3 respectively); 
the amounts present in these extracts were very similar to 
those present in the original soils. Hydroxide extracts, how­
ever, contained at least twice the amount of sulphate present 
in the other extracts (4, 8, and 6 ppm S respectively).
No changes occurred in sulphate concentrations in the resin, 
bicarbonate-carbonate or pyrophosphate extracts kept at 20°, 
and at the pH of the extracts, for 24 h. However, there were 
significant increases in inorganic sulphate concentrations in the 
hydroxide extracts when these were stored at pH 12-6 for the 
same period and at the same temperature (sulphate increased 
to 6, 10, 7 for soils 1, 2 and 3 respectively).
Added sulphate could be completely recovered by the 
method used if the extracts were centrifuged at 30,000 rev/min
Table II
Reducible sulphur, humic acid sulphur, and fulvic acid sulphur in soil extracts
Fraction Soil No. In soil
In extract
Sodium 
pyro­
phosphate 
(1 h)
Chelex
100
(1 h)
Sodium 
bicarbonate- 
carbonate 
(1 h)
Sodium
hydroxide
(1 h)
Chelex
100
(12 days)
Sodium 
bicarbonate- 
carbonate 
(12 days)
Sodium
hydroxide
(12 days)
Reducible S 1 54 10 13 13 29 24 35 45(ppm) 2 88 19 24 28 63 40 44 683 102 19 13 26 48 33 44 70
Reducible S 1 32-5 34-5 32-5 32-5 42-6 32-9 41-7 34-6(as a % of 2 33-3 45-2 48-0 44-4 55-8 37-4 35-8 37-4total S) 3 38-1 500 37-1 530 640 43-4 41-5 44-0
Humic acid 1 13 32 23 42 48 55 66S (ppm) 2 17 37 37 67 79 74 1013 9 26 21 39 59 55 81
Fulvic acid 1 16 8 17 26 24 29 64S (ppm) 2 25 13 26 46 28 49 813 29 9 28 36 17 51 78
Humic acid S 1 0-81 4-00 1-35 1 -62 2-00 1-90 1032 0-68 2-85 1-42 1-46 2-82 1-51 1 -25Fulvic acid S 3 0-31 2-89 0-75 1 -08 3-47 1 08 1 04Mean 0-60 3-25 1-17 1-39 2-76 1 -50 111
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ut not \when the extracts were centrifuged at 10,600 rev/min. 
he highi-speed centrifugation markedly reduced the ash con- 
;nts of the humic acid fraction of all the extracts, with the 
reatest reduction occurring in the resin extracts (see Table 
V). Thie corresponding changes in total sulphur owing to 
entrifugjation were very small, and it is difficult to determine 
whether this small amount of sulphur was associated with the 
lay remioved or whether it was in separate high molecular 
weight oirganic compounds.
The presence of clay in the sediment after high-speed 
entrifugation was confirmed by Jf-ray diffraction. This 
luggesteid that the presence of clay was responsible for the low 
iulphate recoveries in extracts prepared by centrifugation at 
:0,600 rev/m in since, during the clarification procedure, when 
he soluition is acidified, sulphate could be absorbed by the 
day and! removed from solution.
ieduciblie sulphur in humic and fulvic acid fractions
The results given in Table V show that the 1 h extracts with
pyrophosphate and bicarbonate-carbonate, and the 12 day 
resin extracts contained similar amounts of reducible sulphur 
in fulvic acid. Very little reducible sulphur in humic acid was 
present in the pyrophosphate extracts. The 1 h extracts with 
bicarbonate-carbonate and resin contained amounts of 
reducible sulphur in humic acid which were similar, and which 
were considerably larger than those present in the pyro­
phosphate extracts. The am ount extracted was increased by 
increasing the period of extraction (see Table V).
The 12 day hydroxide extracts contained much more re­
ducible sulphur in fulvic acid than any of the other extracts 
and less reducible sulphur in humic acid for soils 2 and 3 than 
the 1 h hydroxide extracts. This suggests that breakdown of 
humic acid occurred during extraction. Apart from the 1 h 
hydroxide extracts the 12 day resin extracts contained the 
largest amount of reducible sulphur in humic acid.
When hydroxide, bicarbonate-carbonate, and bicarbonate 
extracts obtained at 20° were heated, the reducible-sulphur 
content of the whole extract increased, as well as the reducible- 
sulphur content of the fulvic acid fraction (see Table VI).
Table III
Stability of a number of sulphur fractions in Chelex 100 extracts at different pH values
ppm S
Sulphur
fraction
Soil
No.
1 hour 
extract
1 hour extract 
stored at 20 °c 
for 12 days*
1 hour extract 
stored at 20 °c 
and pH 12-6 for 
12 days
Fulvic acid S 1 8 8 16
2 13 14 23
3 9 9 16
Humic acid S 1 32 32 24
2 37 36 27
3 26 26 19
Reducible S in 1 6 6 10
the fulvic acid 2 7 7 13
fraction 3 5 5 7
* pH of the extracts, after removal of soil, was 9 • 4,9 • 2 and 7 • 8 for soils 1,2 and 3 
respectively.
The reducible sulphur content of the whole extract did not change over the 12-day 
period at any pH value.
T able IV
Effect of centrifugation on total sulphur content of the extract, and ash content of the humic acid
Extractant SoilNo.
Total sulphur, 
ppm S
Ash in humic acid 
fraction, %
10,600 rev/min 30,000 rev/min 10,600 rev/min 30,000 rev/min
Sodium 1 29 24 160 6 0
pyrophosphate 2 42 35 17-2 6-2
3 38 32 34-5 7-5
Chelex 100 1 40 36 24-3 5-9
2 50 45 24-4 6 0
3 35 29 57-6 7-6
Sodium 1 40 35 9-6 5 0
bicarbonate- 2 63 60 110 4-8
carbonate 3 49 44 15-3 7-7
Sodium 1 68 60 19-2 5-4
hydroxide 2 113 95 21 -6 5-6
3 75 66 35-5 6-3
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Table V
Reducible sulphur in the fulvic acid and humic acid fractions of soil organic matter extracted by pyrophosphate,
bicarbonate-carbonate, hydroxide and resin
ppm S
Extractant
Fraction SoilNo. Pyro- Bicarbonate- Bicarbonate- Chelex Chelex Hydroxide Hydroxidephosphate carbonate carbonate 100 100
(1 h) (1 h) (12 days) (1 h) (12 days) (1 h) (12 days)
Humic 1 0 4 22 7 18 14 17
acid 2 3 18 27 17 31 37 22
3 5 11 20 8 20 27 16
Fulvic 1 10 9 13 6 6 15 28
acid 2 16 10 17 7 9 26 46
3 14 15 24 5 13 21 54
Table VI
Effect of heating on the content and distribution of reducible sulphur in 0 • 5 n sodium hydroxide, 0 • 2 n sodium bicarbonate- 
0-3 n sodium carbonate, and 0 - 5 m sodium bicarbonate* extracts
ppm S
Fraction SoilNo.
Hydroxide
extract
Hydroxide
extract
heated**
Bicarbonate-
carbonate
extract
Bicarbonate-
carbonate
extract
heated***
Bicarbonate
extract
Bicarbonate
extract
heated***
Whole extract 1 45 58 35 44
2 68 82 44 60
3 70 86 44 60 37 50
Fulvic acid 1 28 48 13 21
2 46 62 17 35
3 54 66 24 41 26 42
* Lowe & De Long14 attempted to extract organic sulphur from soil by heating with 0-5 m sodium bicarbonate at 
pH 10-0 and 90°c for 16 h 
** Heated at 120°c for 4 h 
*** Heated at 90°c for 16 h
Ultrasonic treatment
It was found that, although alkali alone did not dissolve any 
sulphlif from the tip of the sonifier, appreciable amounts of 
sulphur were dissolved from it by alkaline solutions of soil 
organic matter. The reducible-sulphur contents of soil 
extracts were increased by the equivalent of 120-200 ppm S 
in soil during 30 min of extraction, resulting in levels which 
were greater than the original total sulphur content of the soil. 
In view of this high level of contamination, the study of this 
technique was not considered possible.
Discussion
Except for sodium hydroxide, none of the reagents ex­
amined extracted more than 50% of the total soil sulphur and, 
therefore, cannot be regarded as being effective extractants. 
Because the N :S ratio and the percentage of reducible sulphur 
in all extracts differed from those of the original soil, it is 
apparent that none of the reagents extracted a sample that was 
fully representative of the whole soil organic matter. It is 
possible, however, that they did extract unchanged discrete 
fractions with composition different from that of the whole 
organic matter.
Degradation of humic acid sulphur to fulvic acid sulphur 
was apparent in the highly alkaline extracts (i.e. at pH 12-6) 
and, thus, the ratios for humic acid Sifulvic acid S in these 
extracts cannot be indicative of the proportions of these two
fractions in soil. Breakdown of humic acid sulphur did not 
appear to occur in the cold pyrophosphate, bicarbonate- 
carbonate or resin extracts in 12 days, and it is therefore 
possible that no breakdown occurred during the 1 h extrac­
tion. The different ratios of humic acid S-fulvic acid S in 
these three extracts must then reflect differential extraction by 
the individual reagents. It appears that fulvic acid sulphur 
was more readily accessible to the soluble reagents than to the 
insoluble complexing reagent, and the poor extraction of 
humic acid sulphur by neutral pyrophosphate agrees with the 
results previously obtained for nitrogen.21 Therefore, it is 
not possible to obtain any indication of the relative amounts 
of these two forms of sulphur in soil from these results.
It is important to note that there was little inorganic sul­
phate in any of the extracts, and that no increase occurred in 
this fraction when the mildly alkaline solutions were stored. 
Organic sulphur was, however, converted to inorganic sul­
phate when the alkalinity was increased; this again demon­
strates the labile nature of organic sulphur in strongly 
alkaline solutions.
A comparison of the results obtained for the distribution of 
reducible sulphur between humic and fulvic acids in the 1 h 
and 12 day hydroxide extracts show that degradation of the 
humic fraction must have occurred in the highly alkaline 
solutions. This was confirmed by following the changes in 
reducible sulphur in resin extracts stored at pH 12-6. As no
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hanges appeared to occur in the distribution of reducible 
llphur between the humic and fulvic fractions in pyro- 
hosphate, bicarbonate-carbonate or resin extracts stored 
nder mild conditions, it must be concluded that pyrophos- 
hate was ai good extractant of fulvic acid reducible sulphur 
ut was a poor extractant of humic acid reducible sulphur, 
he other tw o reagents appeared to extract both fractions over 
n extended period and it is possible that the distribution of 
jducible sulphur in these extracts was more indicative of the 
istribution in soil than that occurring in either pyrophosphate 
r hydroxide extracts. The results certainly suggest that 
luch of the reducible sulphur in soil occurs in high molecular 
'eight com pounds (humic acid) and that previous observa- 
ons2 regarding the distribution of reducible sulphur in hot 
ydroxide extracts should not be extrapolated to the soils 
nemselves.
Organic sulphur in soil can be divided into two fractions, 
amely one in which the sulphur is not directly bonded to 
arbon and can be reduced to hydrogen sulphide by hydriodic 
cid, and one in which the sulphur is directly bonded to 
arbon and is not reduced to hydrogen sulphide by hydriodic 
cid.17 The increase in reducible sulphur in the whole 
ydroxide, bicarbonate or bicarbonate-carbonate extracts on 
eating suggests, therefore, that cleavage of carbon-sulphur 
onds had occurred. This type of fission in cystine residues 
ielding sulphur not bonded to carbon has been reported to 
•ccur in proteins and peptides.22
The increase in reducible sulphur in fulvic acid in the 
heated alkaline extracts may also have been due to cleavage of 
the carbon-sulphur bonds or to degradation of the reducible 
sulphur compounds in the humic acid fraction. These results 
demonstrate conclusively that hot alkaline solutions2-14 can­
not be used for the extraction of organic sulphur in un­
modified form.
It appears, then, that organic sulphur in soil is stable at 20° in 
mildly alkaline solutions (at least up to pH 10-2), and that 
any of the reagents studied, with the exception of hydroxide at 
pH 12-6, could be used for the extraction of a fraction of the 
organic sulphur from soil in a chemically unmodified form. 
If the resin is used for this purpose, then it may be necessary 
to extend the extraction period to extract a reasonable amount 
of fulvic acid sulphur.3 Bicarbonate-carbonate appeared to 
extract both forms of sulphur without detectable change and, 
thus, may be a suitable reagent for the extraction of organic 
sulphur from soil.
Commonwealth Scientific and 
Industrial Research Organisation,
Division of Plant Industry,
Canberra,
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INVESTIGATION ON THE USE OF A CHELATING 
RESIN FOR THE EXTRACTION OF SULPHUR
FROM SOIL
By G. E. MELVILLE, J. R. FRENEY and C. H. WILLIAMS
Chelating resins have been used previously for the extraction of several organic soil constituents. Chelex 
100 suspensions at pH ~  10- 2 were not effective for the extraction of sulphur from selected soils even though 
the extraction period was extended to 12 days. The maximum amount extracted did not exceed 44% of 
the total soil sulphur. Very little sulphur was extracted by the resin at pH 7 whereas greater amounts 
were extracted by sodium pyrophosphate solution at this pH.
When the sodium form of the resin, as supplied by the manufacturers, was used, the pH of the resin- 
water mixture was approximately 10-2. This high pH appeared to be more important than the chelating 
ability of the resin in the extraction of sulphur from soil. As with other alkaline extractants, artifact 
formation may occur when the sodium form of the resin is used to extract soil organic matter.
Introduction
lulphur occurs in soils in both organic and inorganic 
ms and the relative amounts of these two forms may vary 
lely depending on the climatic and cultural conditions, 
wever, in the surface horizons of well-drained non- 
:areous soils of the humid regions, most of the sulphur 
>ears to be organic.1-4 Evidence for this is indirect, 
:e although attempts have been made to measure directly 
amounts of organic sulphur in soils,5-7 the methods used 
not completely satisfactory. Observations which suggest 
t most of the sulphur is organic include: (i) little inorganic 
phate can be extracted by mild reagents such as phosphate 
ution, and very little hydrogen sulphide is liberated by acid 
atments;2 (ii) total sulphur content is strongly correlated 
h contents of organic nitrogen and organic carbon;1-2 
) closely similar values for the N : S ratio have been reported 
m widely separated parts of the world,4-8 and (iv) the 
: S ratio changes little, if at all, when organic matter 
simulates or decomposes in soil.9-10
Little is known of the chemistry of organic sulphur in soil 
d before much additional information on its chemical nature 
l be acquired, a method must be found for its extraction, 
would seem desirable to choose an extractant which is 
ely to cause no change, or a minimum of change, in the 
;mical nature of the material extracted.
Bremner &. Ho11 suggested the use of a chelating resin for 
; extraction of organic matter from soils. They reported 
it the resin was more effective in extraction than were 
'uble complexing reagents and that the extracts prepared 
re free from added chemical reagents. They also stated 
it the use of the resin did not involve the risk of artifact 
•mation which had been shown to occur with alkaline 
tractants.12 In addition, Cheng & van Hove13 reported 
it the chelating resin appeared to extract a representative 
rtion of the organic matter from European soils, and 
ian14 stated that the resin was effective for the extraction 
organic matter from the surface layer of a Florida soil. 
These reports indicated that a chelating resin might prove 
itable for the extraction of organic sulphur in an unmodified 
rm from soils, and would thus permit detailed chemical 
idies on the nature of the organic sulphur in soil. The use 
the sodium form of the resin would yield an alkaline
Sei. Fd Agric., 1969, Vol. 20, April
medium, but the relative importance of the chelating ability of 
the resin and the alkalinity of the suspension for the extraction 
of organic matter is not known. A study was therefore 
undertaken to examine the effectiveness of the resin, under 
different conditions, for the extraction of sulphur from soil 
and to determine the mechanism of the extraction.
Experimental
Soils
Three soils derived from different parent materials were 
collected from the Southern Tablelands region of New South 
Wales. Some properties of these soils are given in Table I. 
The 0-4 in deep layer of surface soil was collected, air-dried, 
and ground to pass a 2 mm mesh sieve before use.
Extraction of sulphur by the chelating resin
The soil sample (10 g) was weighed into a 4 oz polyethylene 
bottle, followed by 3 g of wet Chelex 100 resin (sodium form 
as supplied by Bio-Rad Laboratories, Richmond, California, 
U.S.A. The resin contained weakly acidic iminodiacetic 
groups on a polystyrene lattice). 48 ml of distilled water 
were added and the mixture was shaken on a reciprocating 
shaker at 20° for periods ranging from 1 hour to 12 days. 
The extracts were centrifuged at 10,600 rev/min for 15 min 
and filtered through a Whatman No. 42 filter paper. The 
residue was washed twice by re-suspending the sediment in 
water and centrifuging the suspension. The washings were 
added to the filtrate, the total volume was made up to 100 ml, 
and the combined solution was analysed for total sulphur.
Analytical
Total sulphur in the soils was determined by the sodium 
bicarbonate-methylene blue method described by Steinbergs 
et a!,15 Total sulphur in the soil extracts was also deter­
mined by this method after appropriate aliquots of the 
extracts were evaporated to dryness in 1-5 cm x 1-5 cm 
porcelain crucibles on a water bath.
Inorganic sulphate was extracted from the soils with a 
phosphate solution (containing 500 ppm P)16 and then 
determined in the extract by the methylene blue method after 
reduction with hydriodic acid.17
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Total organic sulphur in soils was determined by the 
method of Bardsley & Lancaster1® except that a phosphate 
solution (500 ppm P) instead of an acetate solution was 
used to displace inorganic sulphate.
Total nitrogen was determined by a micro-modification of 
the Kjeldahl method described by Piper,19 and pH was 
determined with a glass-calomel electrode assembly.
Aluminium was analysed by the Eriochrome Cyanine R 
method,20 and calcium, magnesium, iron and manganese by 
atomic absorption.21
Results
Determinations of organic sulphur indicated that at least 
98% of the total sulphur in each of the soils examined was 
organic. The remaining small am ount of sulphur was 
present as inorganic sulphate (Table 1), and no sulphide was 
detected in these soils.
The results in Table II show that limited amounts of 
sulphur were extracted from each of the three soils by Chelex 
100 in 1 hour. A greater percentage of the total sulphur 
was extracted from Soil 1 than from the other two soils 
during this period, but the maximum amount of sulphur 
extracted amounted to only 24 -1 % of the total soil sulphur.
Additional sulphur was extracted from all the soils when 
the extraction time was extended (up to a mean of 37-6% 
of the total soil sulphur in 284 h), although the rate of 
extraction decreased. In the case of Soil 3, only an extra 
5 ppm of sulphur was extracted when the extraction period 
was increased from 24 to 284 hours (Table II).
Increasing the resin: soil ratio also increased the amount of 
sulphur extracted (Table III). Sulphur extracted increased 
from 80 to 114 ppm S for Soil 2, and from 66 to 115 ppm S for
Soil 3. The increased resin : soil ratios also increased t 
pH of the extracts.
Comparison of the amount o f sulphur extracted with t 
pH of the soil-resin-water mixtures at intervals throughc 
the 284 h extraction suggested that pH could have influenc 
the extraction of sulphur. The rate of extraction of sulph 
was fastest during the first hour when the pH of the extn 
tant was close to 10-2 and slowest when the pH was near t 
final equilibrium value of about 8-5.
In order to examine the relative importance of pH a: 
chelating ability, additional samples of Soil 3 were extract 
with the resin for 284 h. In half o f these samples the pH 
the system was adjusted from 7-6 after 284 h extraction 
10-2, and maintained at about 10-2 for 24 h by means of 
automatic titrator. This treatment resulted in an addition 
35 ppm S being extracted from this soil, and contrasts wi 
the 5 ppm released over the period from 24 to 284 h (Table 
when the pH of the system was about 7-6. To determi 
whether the chelating capacity of the resin was close 
saturation after the 284 h extraction, an attempt was ma 
to recover the resin from the soil by sieving and fiotatio 
Only 1 - 4 g of resin could be recovered from the 3 g of res 
which was added at the beginning of the experiment, and 
was found that its chelating capacity was not saturate 
It could still sequester 0-33 mequiv. of calcium ion. Furth 
evidence that chelating capacity did not limit the extracts 
of sulphur after 284 h was obtained by adding an extra 3 
of wet resin, adjusted to pH 7, to the 284 h suspension ai 
continuing the extraction for an additional 24 h. No ad< 
tional sulphur was extracted from the soil by this techniqr 
These results suggest that pH rather than chelating abili 
of the resin limited the extraction of sulphur.
Table I
Properties of the soils studied
Soil 1 Soil 2 Soil 3
Soil group Yellow podzolic Yellow podzolic Chocolate
Parent material Siliceous shale Granodiorite Basalt
Total nitrogen (ppm N) 1560 2700 2520
Total sulphur (ppm S) 166 264 268
Inorganic sulphate (ppm S) 2 4 4
Organic sulphur (ppm S) 164 260 264
pH 5-3 5-4 6 0
Exchangeable calcium (ppm Ca) 460 600 2860
Exchangeable magnesium (ppm Mg) 108 108 660
Table II
Sulphur extracted from 3 soils hy chelating resin-water suspension at 20 c
3 g 100-200 mesh wet resin (Chelex 100), 10 g soil, 48 ml water, initial pH 10-2
Soil 1 Soil 2 Soil 3
extraction, h
S, ppm
as %
of total 
soil S
S, ppm
as %
of total 
soil S
S, ppm
as %
of total 
soil S
1 40 24-1 50 18-9 35 131
6 45 27-1 64 24-2 56 20-9
24 50 30-1 81 30-7 71 26-5
48 56 33-7 83 31 -4 73 27-2
116 59 35-5 89 33-7 73 27-2
164 64 38-6 99 37-5 76 28-4
212 73 44-0 102 38-6 76 28-4
284 73 44 0 107 40-5 76 28-4
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o study further the effect of pH on the extraction of sulphur Very little sulphur was extracted by the resin at pH 7
I the resin„ batches of resin were treated with varying 
bunts of hydrochloric acid and the exchanged sodium 
1 chloride ions were leached out. By this means, resin­
ter mixtures with pH values of 3 -8, 6-8, 7-0, 9-5 and 10-2 
re obtained. The results given in Table IV for Soil 2, 
>w that little sulphur was extracted when the pH of the 
1-resin-water mixture was 8-4 or below, and that the 
lount extracted increased considerably when the pH was 
reased to 9-2. Slight changes occurred in the pH of the 
pension during the extraction.
The resin used for the extraction of the soils at pH 7 and 
■2 (Table IV) was separated from the soil by sieving. To 
ilitate this separation, the soil was ground to pass through 
50 mesh sieve prior to extraction, while the resin used for 
raction passed through a 50 mesh sieve but was retained 
a 100 mesh sieve. Cations were eluted with 1 n  hydro- 
oric acid from the resin recovered, and the eluates plus 
: aqueous solutions were anlysed for iron, aluminium, 
inganese, magnesium and calcium (Table V). The chelating 
in extracted more cations at pH 10-2 than at pH 7. 
>wever, the increase in the amount of cations extracted at 
: higher pH was not proportional to the increase in the 
lount of sulphur extracted. In the case of Soil 2, for 
imple, the amount of cations extracted increased from 
3 to 576 ppm (Table V), an increase of less than 50%, 
ideas the amount of sulphur extracted increased from 11 
35 ppm, an increase of more than 200%.
T able III
‘ect of increasing the resin: soil ratio, on the extraction of sulphur 
from soil, and on the pH of the filtered extracts
-100 mesh wet resin (Chelex 100), 48 ml water, 164 h extraction 
time
yt. of 
:sin, g
Wt. of 
soil, g
Soil 2 Soil 3
S, ppm pH S, ppm pH
3 10 80 8-2 66 7-6
5 10 100 8-4 80 7-7
7-5 10 113 8-6 89 7-8
10 10 114 8-9 115 8-3
from these soils (6, 11 and 6 ppm S for Soils 1, 2 and 3 res­
pectively) and this contrasts with the sulphur extracted by 
the soluble chelating agent, sodium pyrophosphate at pH 7 
(29, 42 and 38 ppm S respectively).
Discussion
The results show that at least 98% of the sulphur in the 
soils studied was organic. Thus, apart from the small 
amounts of inorganic sulphate present, the sulphur extracted 
was released from organic combination.
Even when the sodium form of the resin was used, at pH 
10-2, this extraction technique did not prove to be particularly 
effective since it did not extract more than 44% of the total 
sulphur over ~ 12 days.
Reports11-13’14 on the use of the sodium form of a chelating 
resin for the extraction of organic matter from soil imply 
that the resin extracts organic matter by virtue of its ability 
to chelate metal ions. However the results show that when 
the sodium form of the resin, as supplied by the manu­
facturers, is used, an alkaline medium is developed. This 
is to be expected as the sodium form of the resin is the salt 
of a weak acid and a strong base.
It is clear from the results that little sulphur can be extracted 
from these soils by the resin operating under neutral conditions 
and thus it cannot be recommended as an effective extractant 
for sulphur. These results do suggest however that a small 
amount of sulphur is released when metallic ions in the soil 
are chelated. According to the manufacturers, the quantity 
of cations chelated by Chelex 100 is a function of pH, but is a
T able IV
Effect of pH of soil resin water mixtures on 
sulphur from soil 2 in 1 hour
the extraction of
50-100 mesh Chelex resin, and soil ground to pass 150 mesh
pH of resin- pH of resin-soil- Sulphur extracted,
mixture water mixture after 1 h ppm
3-8 4 0 6
6-8 6 0 9
7-0 6-6 11
9-5 8-4 13
10-2 9-2 35
T able V
Extraction of cations and sulphur from soil by the chelating resin, g g  cations/g soil
50-100 mesh resin
Soil Resin Iron Aluminium Manganese Magnesium Calcium Sulphur,ppm
1 Chelex 100, pH 7 on resin 5 5 11 56 206 6
in solution 0 4 0 0 2
Chelex 100, pH 10-2 on resin 9 <1 8 83 363 28
in solution 5 25 < 1 < 1 1
2 Chelex 100, pH 7 on resin 10 4 26 66 300 11
in solution < 1 7 <0 < 1 1
Chelex 100, pH 10-2 on resin 9 2 17 83 450 35
in solution 3 11 < 1 < 1 1
3 Chelex 100, pH 7 on resin 4 7 71 229 975 6
in solution 2 12 0 <1 < 1
Chelex 100, pH 10-2 on resin 1 1 65 336 1400 20
in solution 2 8 < 1 <1 1
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maximum above pH 4. If the resin extracted organic matter 
solely by virtue of its chelating ability then one might expect 
the same amount of sulphur to be extracted from soil at all 
pH values above 4. This was not the case, however, and the 
results showed that there was a marked increase in extractable 
sulphur when the pH of the resin-soil-water suspension 
was increased above 9, and that it occurred without a pro­
portional increase in the chelation of polyvalent metal ions. 
It thus appears that the chelating ability o f the resin is not 
the important factor in the extraction of sulphur from soil. 
The pH of the soil-resin-water suspension appears to be of 
much greater importance.
The large difference in the am ounts of sulphur extracted 
by the pyrophosphate solution and the chelating resin at 
pH 7 suggests that the release of sulphur from the solid soil 
phase, by chelation of metal ions, can take place more readily 
when the chelating agent is in solution rather than when it is
in a separate solid phase. No information hasieei obtained 
to determine whether chelation of cations by tie esin takes 
place before or after the organic matter is dissdvel.
Thus there appears to be little advantage ir tfe use of a 
chelating resin for the extraction of soil sulphui f the resin 
is used under neutral conditions little sulphu is extracted, 
and if used in the sodium form, as supplied iy ;he m anu­
facturer, while slightly more sulphur is extratel, there is 
the risk of artifact formation associated w ith tie u;e of other 
alkaline solutions.
Commonwealth Scientific and 
Industrial Research Organisation,
Division of Plant Industry,
Canberra, Australia
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